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ABSTRACT: In dark-matter annihilation channels to hadronic final states, stable particles
— such as positrons, photons, antiprotons, and antineutrinos — are produced via complex
sequences of phenomena including QED/QCD radiation, hadronisation, and hadron decays.
These processes are normally modelled by Monte Carlo (MC) event generators whose lim-
ited accuracy imply intrinsic QCD uncertainties on the predictions for indirect-detection
experiments like FERMI-LAT, PAMELA, ICECUBE or AMS—02. In this article, we perform a
comprehensive analysis of QCD uncertainties, meaning both perturbative and nonperturbative
sources of uncertainty are included — estimated via variations of MC renormalization-scale
and fragmentation-function parameters, respectively — in antimatter spectra from dark-
matter annihilation, based on parametric variations of the PYTHIA 8 event generator. After
performing several retunings of light-quark fragmentation functions, we define a set of varia-
tions that span a conservative estimate of the QCD uncertainties. We estimate the effects
on antimatter spectra for various annihilation channels and final-state particle species, and
discuss their impact on fitted values for the dark-matter mass and thermally-averaged annihi-
lation cross section. We find dramatic impacts which can go up to O(40) GeV for uncertainties
on the dark-matter mass and up to O(10%) for the annihilation cross section. We provide
the spectra in tabulated form including QCD uncertainties and code snippets to perform
fast dark-matter fits, in this github repository.
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Introduction

Various theories beyond the Standard Model (SM) predict the annihilation of weakly inter-

acting massive particles (WIMPs) into SM particles that produce stable final-state particles

such as photons, anti-protons, neutrinos, or positrons as a result of complex sequences of

processes (for a review see e.g., [1-4]). Contributions of dark-matter (DM) annihilation

products to the cosmic-ray (CR) fluxes may leave footprints in various experiments like
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Fermi Large Area Telescope (FERMI-LAT), or the Alpha Magnetic Spectrometer (AMS).
Secondary CR antiprotons and positrons are important tools to study the nature and the
properties of various sources in the galactic region and beyond. The idea of using antiprotons
in DM indirect detection is not recent.! Recently, a measurement of the antiproton flux and
the p/p flux ratio has been performed by the AMS—02 collaboration at the International
Space Station over the rigidity range 1-450 GV [9]. With data collected between 2011 and
2015, about 3.49 x 10° antiproton events have been reported which render the statistical
uncertainties a very subleading contribution to the total errors in most rigidity regions.
Interestingly an excess over the expected background has been reported by several analyses
in the rigidity range of 10-20 GV [10-20]. It was pointed out that DM with mass of about
mx ~ 50-100 GeV annihilating predominantly into hadronic final states can explain this
excess, with most of the analyses preferring a DM mass of roughly mx ~ 60 GeV. Moreover,
similar DM properties (mass range, and thermal annihilation cross sections) have been
considered in the so-called gamma ray Galactic Center Excess (GCE) found in data reported
by the FERMI-LAT collaboration [21-34].

While the statistical uncertainties on the antiproton flux are now very small, a proper
treatment of systematic uncertainties and their correlations can be very important in DM
analyses [35-39]. It was pointed out that proper treatment of systematic errors may not
only reduce the antiproton excess but can even completely exclude it [40]. On the other
hand, the AMS-02 collaboration has released measurements of both the e /e~ ratio and
the positron flux that both pointed toward an excess with respect to the astrophysical
backgrounds in the energy region ~ 10-300 GeV [41] which is consistent with the previous
measurements but with smaller error bars. The fact that the observed spectra are not
expected in Astrophysics has prompted several explanations including DM (see e.g. [42—-44]
for details about the different DM possibilities).

For DM masses above a few GeV, QCD jet fragmentation can be the leading source of
antimatter production in DM annihilation. A large number of antineutrinos, positrons and
antiprotons can be produced from complex sequences of physical processes that can include
resonance decays (if the DM annihilate to intermediate resonances like W/Z/H bosons or
the top quark), QED and QCD bremsstrahlung, hadronisation, and hadron decays. The
modelling of hadronisation in particle production from DM annihilation is usually done
using multi-purpose Monte Carlo (MC) event generators [45] which are either based on the
string [46, 47] or the cluster [48, 49] models. This is due to the fact that hadronisation
cannot be solved from first principles in QCD but only using phenomenological models
typically involving several free parameters. Proper estimates of QCD uncertainties that
stem from hadronisation are seldom rigorously addressed in DM literature. We note that
comparisons between different MC event generators such as HERWIG and PYTHIA have been
done in [50, 51]. Using gamma rays as an example, 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 [51]. This finding has been confirmed in a previous study where we have used the

'In fact, an excess over the astrophysical predictions was reported right after the first evidence for the
existence of antiprotons in 1979 [5] (further confirmation was done in 1981 [6]). An attempt to explain this
excess was performed shortly after this discovery wherein a massive photino DM with mass of my ~ 3 GeV
can reproduce both the correct relic density and the total antiproton flux [7, 8].
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most recent and widely used MC event generators [52]. This level of agreement is due to the
fact that the default parameter sets for the MC models are being optimised to essentially
provide “central” fits to roughly the same set of constraining data, comprised mostly of
LEP measurements [53-62]. Therefore, the envelope of different MC event generators does
not reliably span the theory uncertainty allowed by data in the bulk of the spectra while
it can overestimate the uncertainty in both the high- and low-energy tails of the spectra.
To address this issue, we have provided for the first time a conservative estimate of QCD
uncertainties within PYTHIA 8 on gamma-ray [52] and antiproton [63] production from DM
annihilation. Both perturbative and non-perturbative sources of uncertainty are included
in these estimates, via parton-shower renormalisation-scale variations and variations of the
dominant non-perturbative fragmentation-function parameters respectively. See also [64-66]
for short summaries of these studies. In the present work, we aim to complete these studies by
performing a comprehensive analysis of the QCD uncertainties on the full suite of antimatter
spectra from DM annihilation.

We first revisit the constraints from LEP measurements on the parameters of the Lund
fragmentation function while this time thoroughly discussing the differences between the
various measurements of baryon spectra at the Z-pole. We then perform several (re)tunings
based on the baseline MONASH tune [58] of PYTHIA 8.244 event generator [67]. In this paper,
we perform for the first time a Bayesian analysis of the fragmentation-function parameters,
finding very good agreement with the results of the frequentist fit. We then estimate the
various QCD uncertainties both connected to parton-shower modelling and hadronisation.
This paper provides also a first unified model for the production of gamma rays, positrons,
antineutrinos and antiprotons in DM annihilation within PyTHIA 8. The uncertainties are
found to be important and range from a few percent to about 50% depending on particle
species, DM mass, annihilation channel, and particle energy. Therefore, we recommend DM
groups to use the results of this work in their analyses.?

The remainder of this paper is organised as follows. In section 2, we discuss the physics
modelling of antimatter production in a generic DM annihilation process. The last part of
section 2 is essential to determine the relevant constraining data at LEP. In section 3, we
discuss the relevant experimental measurements of baryon spectra at LEP and the consistency
between the theory predictions and experimental measurements using three state-of-art MC
event generators. The fitting procedure of this work is discussed in section 4. In section 5 we
discuss the results of the various tunings. A comprehensive discussion of the different types
of uncertainties and their estimates is done in section 6 where we also study quantitatively
the impact on the energy spectra for a few selected DM masses, annihilation channels and
particle species. Section 7 is devoted to the impact of QCD uncertainties on DM indirect
detection experiments for the spectra of antiprotons, electron antineutrinos and photons.
We draw our conclusions in section 8.

2 Antimatter from dark-matter annihilation

2.1 General features of stable antiparticle production in Pythia 8

To properly assess the QCD uncertainties on antimatter spectra in DM indirect searches,
we first study their production in a generic annihilation or decay process of a dark-matter

2The new data tables and code snippets to perform fast DM fits can be found in github.
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candidate with mass in the GeV-TeV range. For this, let us consider the following generic

annihilation process®

v () (fe) - (1) o

i=1

We have assumed the narrow-width approximation which enables us to factorise the process
into a production part xyx — [[v, X; and a decay part X; — [Tin, Yie. Ineq. (2.1), X;
refers to any parton-level SM particle which could be a resonance such as the Higgs boson,
W/Z-bosons, or the top quark or a non-resonant state like gluons or light quarks. The X;
states are assumed to produce a; states, through X; — [, Vi, after a complex sequence of
processes such as QED bremsstrahlung, QCD parton showering, hadronisation and hadron
decays. The produced antiparticles are, therefore, part of this final state and can be detected
in indirect detection experiments. Unlike the case of gamma rays, both the total rate as well
as the shape of the antiparticle spectra are slightly affected by QED bremsstrahlung. This
process occurs if X; or Y; contains electrically charged particles or photons and will lead to
production of additional photons and/or charged fermions. Besides QED bremsstrahlung,
coloured fermions produced in DM annihilation, either promptly or through the decay of
heavy resonances, will undergo QCD bremsstrahlung wherein additional coloured particles
are produced. This phenomenon is characterised by an enhancement of probabilities for
emissions of soft and/or collinear gluons, with the latter being suppressed if the produced
fermions are heavy. Furthermore, the rates of g — qq are enhanced at low gluon virtualities:
Q* = (pg+ ]Dq)2 — 0. The rate of QCD radiation processes is mainly controlled by the effective
value of the strong coupling constant ag which is evaluated at a scale proportional to the
shower evolution vaurﬂale.4 We note that the default effective value of ag(Mz) in PYTHIA 8 is
larger than ag(Mz)MS for two reasons: (i) the so-called Catani-Webber-Marchesini (CMW)
scheme (which, we note, is also available as an alternative scheme choice in PyYTHIA 8) involves
a set of universal corrections in the soft limit [72] which is equivalent to a net 10% increase
in the value of ag(Myz) and (7i) an agreement between data and Monte Carlo predictions
in experimental measurements of 3-jets observables in eTe™ collisions at LEP energies is
reached if ag(Myz) is increased by a further ~ 10% [55, 58].

Finally, at a scale Qr ~ 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 [47, 73, 74]. The longitudinal part of the description of the
hadronisation process is given by the left-right symmetric 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

z z

f(z,myip) x Nu exp <_bmih> , (2.2)

3This discussion applies to the case of decaying dark matter as well. For instance, x — SM SM is
theoretically possible in models breaking the Z> symmetry through e.g. nonminimal interaction of dark matter
with gravity (see e.g. [68—70] for more details).

“In PyTHIA 8, the shower evolution scale is the transverse momentum of the radiated parton [71].



where N is a normalisation constant that guarantees the distribution to be normalised to unit
integral, and m_; = \/m,% + pih is called the “transverse mass”, with my the mass of the
produced hadron and pj its momentum transverse to the string direction, and a and b are
tunable parameters which are denoted in PYTHIA 8 by StringZ:aLund and StringZ:bLund
respectively. As was pointed in a previous work [52], the a and b parameters are highly
correlated (in the context of fits to measurements) since the former controls the high-z tail,
while the latter mainly controls the low-z one, while most of the data is sensitive to the
average z which is given by a combination of the two which does not have a simple analytical
expression. A new reparametrisation 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, i.e.

o) = [ 2 g, 23)

This equation is solved numerically for b at the initialisation stage (which requires that
the option StringZ:deriveBLund = on) where the following parameters:

(mJ_p)2 = mz + 2(StringPT:sigma)?, (2.4)
(2p) = StringZ:avgZLund,

are used.

In the string-fragmentation picture, baryons are produced similarly to mesons, by allowing
the breaking of strings by the production of diquark-antidiquark pairs; these can be thought
as bound states of two quarks (in an antidiquark) or two antiquarks (in a diquark). This
basic picture entails a very strong (anti)correlation of the produced baryons in both flavour
and phase space, due to the fact that a baryon originating from a diquark produced in
a string breaking is associated with an anti-baryon as the new end-point of the residual
string. Experimental measurements of A°A° correlations by the OPAL collaboration [75] do
not find such strong correlations. To address this, the so-called pop-corn mechanism was
suggested [76, 77], in which baryons are produced such that the string breaking occurs with
the production of one or more ¢¢ pairs “in between” the diquark-antidiquark pair. This
picture enables the production of one or more mesons between two baryons and therefore
decrease the correlations between them. Note that in the context of DM indirect searches,
the correlation between baryons is not relevant as the produced protons travel for long
distances before they reach the detector. In PYTHIAS, baryon production is controlled by
an additional parameter denoted by apiquark such that the a parameter in f(z) is modified
as a — a + apiquark- Lhe extra parameter relevant for baryon production is denoted in
PyTHIA 8 by StringZ:aExtraDiquark.

2.2 The origin of positrons, antineutrinos and antiprotons in a generic
dark-matter annihilation process

After discussing the general features of antiparticle production in a generic dark-matter
annihilation process in PYTHIA 8, we turn into a detailed investigation of the origin of these
particle species. For this task, we consider a generic dark matter with mass of 1000 GeV and



Electron antineutrinos

S
T

Fraction [%)

10!

1000 Gev

10!

M,

102
p= Ky m DOD* B W+ E K, n D'D+ B Z0W* it K, n DDt BY Z0W*  E Ky n DO D* B Z0W+

Figure 1. The mean contribution to 7, production in DM annihilation with M, = 1000 GeV. From
the left to the right we show the ¢q, tt, VV and HH channels. One shows 7, produced from the decay
of muons (red), K (turquoise), n,n (olive), D° (dark blue), D* (violet), B® (hot pink), Z° (light
blue) and W+ (cyan).
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Figure 2. Same as figure 1 but for 7,. Here, v, are produced from the decay of muons (red), n*
(turquoise), D° (olive), B* (dark blue), Z° (purple) and W= (hot pink).

focus on four annihilation channels: ¢ : q¢ = u,d,s,b, tt, VV : V. = W, Z and HH. The
reason is that at this mass value, the universality of the fragmentation function implies that
all these annihilation channels have approximately the same features. In the following we
assume that o(xxy = WW) = o(xx — ZZ) without any loss of generality.

2.2.1 Antineutrinos

We start with the spectra of antineutrinos and we split them into electron antineutrinos (),

muon antineutrinos (7,) and tau antineutrinos (7;) and they are shown in figures 1-3.
First, most of the 7, are coming from the decay of u* in u= — e~ Vevy. The contribution

of the muons to the rate of v, is 90% irrespective of the annihilation channel. This is followed
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Tau antineutrinos
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Figure 3. Same as figure 1 but for .. The ¥, produced from the decay of 7=, B, BY, B D¥,
W= and Z° are shown in red, turquoise, olive, dark blue, purple, hot pink, and cyan respectively.

by the contribution of (anti)-neutrons through n — pe~ v, which is about 4%-5% depending
on the annihilation channel. The other contributions are small (below ~ 2%); one note among
others K, D°, D, B, W~ — e i, and Z° — v.v,. The last two contributions (Z = ve
and W1 — v,) are possible in the ¢, VV and HH channels. We note that most of the muons
that leads to the v, are coming from the decays of charged pions, i.e., 7= — p~,. Charged
pions are produced in abundance through fragmentation of quarks/gluons and/or decay of
heavier hadrons [52]. Therefore, one can find a direct connection between the modelling
of gamma rays and electron antineutrinos.

The situation is slightly different for 7, where can see that both y* and 7% contribute
to about 47-50% of the total rate while the other sources give negligible contributions (see
figure 2). Similar to 7., most of the muons that give rise to v, are coming from the decay of
7. Finally, one note that 7, have extremely different type of sources — the total rate of
vr is negligibly small as compared to v, and v, —. ¥, are produced from +, DY, BY, Bt
BY, W#* and Z° with average contributions of about 1%-50% depending on the annihilation
channel (see figure 3).

2.2.2 Positrons

In figure 4, we show the mean contribution of different particles to the rate of e™ in generic
DM annihilation for DM mass of 1000 GeV. We can see that, similarly to 7. (see figure 1),
most of e are produced from the decay of ' independently of the annihilation channel.
The other contributions are similar to the case of v, production.

2.2.3 Antiprotons

In general (anti-)protons can be split into two categories:
(i) Primary ones produced directly from the string fragmentation of quarks and gluons;

(ii) Secondary ones produced via (cascade) decays of heavier hadrons.
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Figure 4. Same as figure 1 but for e™. Here, et are produced from the decay of muons (red), Ky,
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Antiprotons
XX = qq XX — tt xx = VV xx — HH
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Figure 5. Same as in figure 1 but for p. Here, one shows p/p produced from QCD fragmentation (red),
decay of A° (turquoise), n (olive), X T (dark blue), AT (purple), AT+ (hot pink) and A° (light blue).

In PyTHIA, the latter category explicitly includes (anti-)protons produced in decays of
the two lowest-lying baryon spin multiplets, i.e., the ground-state spin-1/2 and spin-3/2
baryons. (The effects of any higher baryon multiplets are assumed to be included only in
an average smeared-out sense.)

We note that, in accelerator-based settings, the word “prompt” is also sometimes used, to
refer to particles that emerge directly from the primary interaction vertex, with no measurable
displacement. To prevent confusion with the ones we label “primary” here, we clarify that two
terms do not mean the same. “Prompt” protons include not only the ones labeled primary
here but also secondaries from A decays (since the A baryons decay strongly and hence do not



produce displaced vertices in collider settings). Only the secondaries from neutron decays and
from weakly decaying strange hadrons would be classified as “non-prompt” in a collider setting.

In figure 5, we display the mean contributions to the (anti-)proton yields in DM an-
nihilation for M, = 1000 GeV. We can see that ~ 50% of antiprotons originates from the
decay of antineutrons in decays 7 — petv.. (We do not distinguish between prompt and
secondary neutrons here, so this factor 2 is essentially just a statement of isospin symmetry.)
Of those that do not originate from neutrons, we see that about 22% are from prompt
q/g-fragmentation. This is followed by secondary antiprotons from strongly decaying spin-3,/2
A(1232) baryons and weakly decaying strange spin-1/2 ones, with each species contributing
2%-10% of the produced (anti)-protons respectively.

2.3 Summary

We conclude that the spectra of antiparticles are correlated to each other with the dominant
and most experimentally accessible hadrons to be modeled properly being charged pions,
protons, and A? baryons.

Charged pions are of course related to neutral ones by isospin symmetry, and this is
important for constraining photon spectra, as noted in [52]. The modelling of pion spectra at
LEP was discussed in detail in [52] and will not be repeated here, although we do include
these measurements in our fits.

As mentioned above, antineutrons typically account for half of the antiprotons, but
again these two are related by isospin symmetry so that constraints on one automatically
places very good constrains on the other too. Finally, we note that the proton (and neutron)
spectra are also sensitive — at the 10% level or so — to the description A baryons; these
are extremely hard to constrain directly since they decay promptly and have challenging
combinatorial backgrounds [78, 79].

In the next section, we discuss in detail the measurements of baryon spectra at LEP
and assess the agreement between the corresponding theory predictions and experimental
measurements for three multi-purpose MC event generators.

3 Experimental measurements and generator predictions

3.1 Introduction

From the discussion in section 2, it is clear that the modelling of the spectra of anti-protons
will be improved if one includes all the relevant measurements of proton spectrum performed
at LEP. Besides the measurements of the proton spectrum itself, one may expect some
improvements from measurements of the spectra of the following baryons:

o AY: since neutrons are too long-lived to decay on the time scale of collider experiments,
AY is the dominant source of secondary protons at LEP (about 22% of the total protons
are coming from A" baryons). The mean multiplicity of A° was measured by several
collaborations at LEP: (nyo0) = 0.357 +0.017 [80], (npo) = 0.348 £+ 0.013 [81] performed
in 1993 and 1996 respectively. We note that A" baryons decay with 63.8% branching
ratios into pm~ [82] and therefore we expect a strong correlation between the scaled
momentum of A and of p/p since most of AY baryons are reconstructed using tracks
identified with charged pions and protons.
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o ATT: about 11% of protons at the Z-pole are produced from the decay of the A** which
decays with 100% branching ratio into pm. The decay is prompt hence this component
is present in the proton spectrum measured at LEP. In principle, it would be nice to
constrain the contribution from A baryons more directly, but such measurements are
challenging due to the difficulty in isolating the A*T signal from the overwhelming
backgrounds. Only two measurements of AT+ production were attempted at LEP,
performed by DELPHI [78] and OPAL [79], with about a 20 tension on the total A**
rate.” We, therefore, do not include these measurements in the fits.

« Y% about 5% of protons at LEP are coming from the (non-prompt) decays of ¥+,
The corresponding branching ratio is BR(XT — pr®) = 51.57% [82]. Again there
are two measurements of X7 spectra at LEP, by DELPHI [83] and OPAL [84]. These
measurements will not be used in the fit for similar reasons as for the AT measurements.

Therefore, the main constraining observables in this study will consist of a set of
measurements of A and p/p energy-momentum distributions. To ensure a good agreement
with the results of the previous study [52] (and to maintain a good overall modelling), we also
include measurements of meson spectra, event shapes and particle multiplicities. Before going
into a discussion of the setup used in this study, we discuss briefly the various measurements
performed by LEP at the Z-pole using data collected between 1992 and 1999.5

3.2 Notes on the relevant measurements

ALEPH (1996-2000). The ALEPH collaboration has reported on three measurements
of A scaled momentum — z, in [85] and £ in [89] — and one measurement of p/p scaled
momentum [85]. The first measurements rely on the initial data which contain 520,000
inclusive hadronic events [85]. In a second paper published in 2000, the ALEPH collaboration
used a more complete dataset consisting of 3.7 million hadronic events [89]. The measurement
of identified particle spectra by ALEPH can be made by a simultaneous measurement of the
hadronic momentum and ionisation energy loss dE/dx in the Time Projection Chamber
(TPC). There are holes in the reported measurement of p/p spectrum in the regions
7, € [1.8,2.4] x 1072 U [2.8,7] x 1072 due to the strong overlap between the bands of
p/p and of the other hadrons (7%, K¥). Most of the systematic uncertainties can be roughly
categorised into three components: track reconstruction efficiencies, efficiencies in the A°
reconstruction and the background calibration. These errors have been corrected for by
using the predictions of JETSET [91]. We note that these correction factors can be large
in some kinematics regions.

DELPHI (1993-1998). The DELPHI collaboration has performed a detailed analysis of the
scaled momentum of A° and p/p using data collected in the period of 1991-1998 [80, 86, 87].
In a first measurement of A? spectrum and A%—A° correlations, 993,000 hadronic events
were used [80]. In [86], a measurement of proton momentum for z, € [0.03,0.1] has been

5This was also noted, e.g., in ref. [58].

5The measurements reported on by the experimental collaborations at LEP of the A or p/p spectra
correspond the measured variables being either #, = |phadron|/|Pbeam| (ALEPH [85] and DELPHI (80, 86, 87]),
g = Ehadron/|Pbeam| (OPAL [88]), £ = log(1/x,) (ALEPH [89]) or |phadron| (DELPHI [86, 87] and OPAL [90]).
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Figure 6. Upper panels: comparison between the different measurements of the A° scaled momentum
xp (left) and log(1/xzp) (right). Here, we show the results from ALEPH (red and violet), DELPHI (blue)
and OPAL (green). Bottom panels: same as in the upper panels but for the p/p scaled momentum
(left) and its logarithm (right). For the proton case, we show the results from ALEPH (red), DELPHI
(blue and green) and OPAL (violet). In both panels, the errors correspond to statistical and systematic
uncertainties summed up in quadrature. Data is taken from [80, 85-87, 89, 90, 92, 93].

carried using 17000 hadronic events. This measurement has been superseded by a more
recent one which relied on a larger statistical sample consisting of 1,400,000 hadronic events
and covering a wider range of proton momenta, i.e. z,, € [1.53 x 1072, 1] [87]. Contrarily to
ALEPH, the reconstruction of the particle momenta in DELPHI is based on the measurement
of the ionization angle in the Ring Imaging CHerenkov (RICH) detector.” A number of
selection cuts have been applied to improve the quality of particle identification in RICH
(see section 3 of ref. [86] for more details). The fraction of p/p particles were determined
from a fit to the Cherenkov angle distribution in specific momentum ranges. The systematic
errors mainly arise from the parametrization of the backgrounds. To account for these errors,
correction factors ranging from 1% to 10% have been applied using the MC simulations
of JETSET event generator.

"Note that the Cherenkov angle has a dependence on the particle mass and the refractive index of the
radiator — two radiators have been used in this analysis —. The probability density of observing the measured
Cherenkov angle % for a track “i” depends on various parameters and was fitted taking into account three
particle species 7 (which also includes electrons and muons since they cannot be distinguished from pions
with this method), K* and p/p. Finally, the Likelihood function includes an additional constant term which
depends on the noise.
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OPAL (1994-1997). OprAL has measured the spectra of charged hadrons using 766016
multi-hadronic events collected in 1992 [90] and of strange baryons using approximately 3.65
million events collected between 1990-1994 [88]. The determination of the hadron yields has
been done from the simultaneous measurement of the track momentum and differential energy
loss. Since the identification of charged hadrons cannot be done unambiguously, the OPAL
collaboration has used a statistical method to fit the number of particles measured in the data.
Correction factors of order 20-30% have been applied to account for effects of geometrical
and kinematical acceptance, nuclear corrections and decay in flight [90]. The A® baryons have
been reconstructed from the tracks associated to their decay products (pm) using two methods
optimised to either have a good mass and momentum resolution or optimised to give a higher
efficiency over a broader A° momentum range. The total systematic uncertainty is about
2.7% (3.3%) for the first (second) method while the statistical uncertainties are subleading.

3.3 Conclusions about the included measurements

As noted previously, the measurements of baryon spectra were not all done in one and the
same variable. E.g., some were done in z, = 2|p|/Eyis while others used xp = 2E/E\y;;,
with different choices for normalizations and whether they were linear or logarithmic in the
measured variable. To compare directly between the different measurements, we transform all
of them to be in terms of z, or log(1/z,) and normalize them. E.g., we transform zp — )
as 1/odo/dzg — |J|711/0do /dx, with J = dxp/dx, the Jacobian of the transformation.

The left-hand panels of figure 6 show the normalized cross sections in x;, while the
right-hand ones show them in log(1/z,). The former highlight the hard high-z region, while
latter emphasise the bulk and peak regions, at lower z values.

We, first, do a one-parameter tune individually to each individual measurement and
display the resulting value for StringZ:aExtraDiquark. This at least establishes what each
measurement would prefer in this context, if taken at face value.

However, there are clearly some tensions between some of the measurements. Without
addressing these, we would not expect our global fragmentation-function tunes to find a
robust best-fit point for the StringZ:aExtraDiquark parameter. We make the following
observations and choices:

e We do not include the ALEPH-1996 measurements [85] as the proton spectrum has a
hole in the peak region (covered by other measurements, see below) while the A one is
superseded by ALEPH-2000 measurement [89].

o The old DELPHI measurement (blue) of p/p momentum is inconsistent with the new
one (green) for a few bins of £ ~ 3-3.2. Note that both of these DELPHI measurements
cover the hole left by ALEPH-1996. Furthermore, the trend of the data seems to be
more consistent with DELPHI-1998 rather than DELPHI-1995 (very large corrections
have been applied to the proton momentum in the DELPHI-1995 measurement). We
exclude the DELPHI-1995 measurement as fully superseded by the DELPHI-1998 one.

o There are some tensions between the measurement of the scaled momentum of p/p
performed by OPAL and the other experiments for x, > 0.1 (the OPAL result is below
all the others). For what it is worth, we were also unable to find agreement between
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Figure 7. Comparison between theory predictions and experimental measurements of A° (scaled)-
momentum distribution at LEP. Here we show the A” spectrum (left upper panel) [85], A° scaled
energy (right upper panel) [88], Log of scaled momentum for A° in all events (left lower panel) and in
2-jet event (right lower panel) [89]. The PyYTHIA 8 prediction is shown in red, the SHERPA 2 predictions
are shown in blue for the cluster (solid) and Lund (dashed) models while the HERWIG 7 is shown in
green for dipole (solid) and angular-based (dashed) shower algorithms.

PyTHIA 8 and the data in this region for any choice of the fragmentation-function
parameters. The OPAL-1994 measurement is therefore excluded from our global fit.

o The DELPHI-1993 measurement of A? scaled momentum seems to be inconsistent with
the others for £ < 1.1 (the discrepancy is mild as compared to the proton case).

3.4 How good are the current theory predictions?

We discuss in this section the level of agreement between the theory predictions of the
three commonly used multi-purpose Monte Carlo event generators and the experimental
measurements of the baryon spectra at LEP (proton and A?). For this task, we use the
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Figure 8. Same as figure 7 but for p spectrum. Here we show the p spectrum (left panel) [85] and
p, p scaled momentum (right panel) [87].

PyTHIA 8.307% [94] with the baseline Monash tune [58], SHERPA 2.2.12 [95] with a shower
model based on the Catani-Seymour subtraction (CSS) method [96] and two hadronisation
models: the cluster model which is provided by AHADIC++ [49] (the default in SHERPA)
and the Lund string model based on PyTHIA 6 [97] and HERwIG 7.2.3 [98] with two radi-
ation models: the angular-based parton-shower algorithms [99-101] and the dipole-based
algorithm [56, 102]. It is found that the different parton-shower algorithms in the three MC
event generators yield similar predictions in several collider observables within the theory
uncertainties (see chapter V.I. of ref. [103]). In ref. [52], we have found that the three MC
event generators agree pretty well in various experimental measurements of event shapes,
pion and photon spectra.

In figures 7 and 8, we show the comparison between the aforementioned generators for a
set of selected measurements of proton and A° spectra at LEP. We can see that the generators
based on the cluster model i.e. HERWIG 7 and SHERPA 2 do not agree with data and have
discrepancy of more than 40% in some regions with respect to the experimental measurement.
On the other hand, SHERPA 2 with the Lund model agrees quite well with PyTHIA 8.°

4 Fitting procedure

In this part of the study, we used PYTHIA8 8.244 [67] to generate Monte Carlo samples
for different values of the string fragmentation function parameters assuming the MONASH

8The parton showers in PYTHIA 8 are based on a dipole-type algorithm which uses the transverse momentum
of the branching parton (p.1) as an evolution variable [71].

9Note that we cannot, by this observation alone, make any rigorous statement about cluster vs string
fragmentation in general, as agreement or disagreement with these particular distributions also depends on the
tuning of the respective models. The tuning of the HERWIG 7 parameters is described in depth in ref. [104],
while we are not aware of a similarly comprehensive reference for SHERPA. We note that the HERWIG authors
claim that their tune parameters are quite resilient to whether the choice of the shower algorithm (dipole or
angular) as shown in figures 7-8. We also note that the data included in the HERWIG tune does not cover
everything we have used in this analysis.
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parameter ~ PYTHIAS setting Variation range ~ MONASH  Tune-3D [52]

o, [GeV] StringPT:Sigma 0.0-1.0 0.335 0.3174
a StringZ:alund 0.0 -2.0 0.68 0.5999
b StringZ:bLund 0.2-20 0.98 -

(2p) StringZ:avgZLund 0.3-0.7 (0.55) 0.5278
aDiQuark 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 [58] and in a tune performed in [52].

tune [58] as our baseline.!’ The different measurements used in our tunings are implemented in
the validation package RIVET version 3.1.3 [54, 105]. Frequentist-type tunings are performed
using the optimisation tool PROFESSOR version 2.3.3 [53]. 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 (called anchor points).
The best-fit points for the parameters are determined by a standard y?-minimisation method
— MINUIT [106] — implemented in PROFESSOR and which uses the analytical polynomial
interpolations.

The parameters of interest are four which are a, and (z,) which controls the longitudinal
momentum taking by the hadrons inside the QCD jets, apiquark Which is mainly connected
to production of baryons in QCD jets. Finally, the o parameter is connected to the mean
transverse momentum taken away by a hadron in the fragmentation process (see table 1
for their default values and their allowed range in PYTHIA8). Two baseline retunings are
performed throughout this study:

o In the first tune, we fix the parameters a, (z,) and o to the values derived in a previous
study [52], i.e.

StringZ:alund = 0.5999J_r8:%888,
StringZ:avgZLund = 0.5278709270 (4.1)

StringPT:sigma = 0.317470 0320

and tune apjquark to a set of constraining measurements compromising of proton, and AV
spectra. This tuning is called a one-dimensional tuning. The set of the measurements
used in this optimisation part is summarised in table 5 of appendix A.

e In a second tune, we fit the four-dimensional parameter space using the measurements
listed in tables 5-9 (in appendix A). The additional measurements used in the tunes
include meson scaled momenta, event shapes, jet rates, and charged multiplicities, and
identified particle multiplicities.

For comparison and as an extra check of the results of the frequensit fit, we further
perform a Bayesian fit using MULTINEST [107]. To increase the precision of the posteriors we

10Tn other words, all the parameters of PyTHIA 8 are fixed to their default values of the MONASH tune
except four: a,b, 01 and apiquark Which are tuned to LEP data shown in appendix A.
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Figure 9. The distributions for the interpolated observable values (left) and their errors (right).
These distributions are evaluated over all the 1000 MC runs and sum over all the observables used in
the fit (defined in tables 5-9). Here, we show the first order (red dotted), third order (blue), fourth
order (cyan) and eighth order (magenta) interpolation polynomial. The residual for the central values
of the observables show clearly that the eighth order polynomial performs better than the other
interpolations. The residuals for the errors are independent of the order we used in the interpolations.

generate one thousand live points with a tolerance of 1073, Since the probability distribution
functions (PDFs) associated to data are unimodal Gaussian PDFs, we expect that the results
of frequentist and Bayesian fits to have a perfect agreement.

The goodness-of-fit is defined as

2
=y (foleh =R )
0 beO b
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 Ay is the total error. The number of degrees-of-freedom (Ng¢) is defined as the number
of measurements minus the number of independent parameters, i.e.

Nar = > _|b € O = Nparameters- (4.3)
o

We turn now to a brief discussion of the treatment of the errors (Ap) used in the goodness-
of-fit definition. Experimental errors are the quadratic sum of statistical and systematic
uncertainties. Besides, we do not assume any correlations between the different measurements
as this information is not provided by the experimental collaborations. The Monte Carlo
uncertainties connected to the size of the samples used in our interpolations are summed
in quadrature with the experimental errors. Finally, we add a flat 5% uncertainty on each
bin and for each observable which is used as a protection against overfitting effects and
as sanity limit for the accuracy in both the perturbative (high order corrections,...) and
non-perturbative (high twist terms, ...) regimes. We note that the introduction of this flat
uncertainty will also reduce the value of x2/Ngs to be consistent with unity. The resulting
variations around the best-fit points can reasonably defines conservative estimates of the
QCD uncertainties on the predictions. The total error per bin b is defined by

Ab = \/alg,exp + O—g,MC + U%,th’ (44>
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with op¢n = 0.05 X f(3y({p:}). The polynomial dependence of the true Monte Carlo response
is parametrised as follows

4 4 4 4
foy(p)=a+3 B8 pi+ S A pivs+ Y. Sapimiet Y. ecnpipipipe

i=1 i,j=1 i.5,k=1 i,4,k,0=1
- (®) - (b)
+ Z CijkemPiDjPkPePm + Z 9¢jkemnpipjpkpepmpn (4.5)
i’jak’gvmzl ’i,j,k,@,m,n:l

4
b b
+ Z wz(j ]lgmnrpipjpkpépmpin + Z PE j/)ﬁgmnrspz‘pjpkpepmpnprps ;

i1j1k1€7m7n77‘:1 i,j,k,ﬁ,m,n,r,s:l

with «, 3,7,9,¢,(,0,w, and p are the polynomial coefficients determined in the fit and
{pi} = {a,(2,), 01, apiquark} are the parameters of the Lund fragmentation function. The
order of the polynomial function plays a crucial role in both the quality of the fits and the
consistency of the interpolated results with the true MC response at the minimum of the
model parameters. To see which polynomial is most suitable in our tune, we compute the
distributions of for the interpolated values (called residuals) and their errors for few polynomial
functions. The results of these are shown in figure 9 where we display the residuals for 15¢
order (dashed red), 3'¢ order (navy), 4" order (cyan) and 8" order (magenta) polynomial
functions. We can see that the 8" order polynomial performs better than the others as most
of the density of the residuals is within 5% of the true MC response. Nevertheless, the 4
order polynomial interpolation has a good performance as well (we also checked that the
differences between the predictions for the polynomials of order 4 and 8 interpolations at the
minimum and found good agreement). We must stress out that using polynomials with orders
higher than 4 for the interpolation will cause additional overfitting effects. Therefore, we will

use the 4%

order interpolation polynomial throughout this study and set ( =0 =w=p =0
in equation (4.5). Finally, the distributions of the residuals for the errors are showing similar
behavior which may be explained by the fact that we have used a large number of events

for our MC sampling (2 million events per parameter point).

5 Results

The results of the one-parameter fits are displayed in figure 10 which are shown in the form
of horizontal bar plots. For the one-dimensional tunes, we show the best-fit point for tunes to
(i) A° scaled momentum/energy (green bar) including data from ALEPH-1996 [85], ALEPH-
2000 [89], DELPHI-1993 [80], and OPAL-1997 [88] and to (i) proton (scaled)-momentum
(blue bar) which includes data from ALEPH-1996 [85], DELPHI-1995 [86], DELPHI-1998 [87]
and OPAL-1994 [90]. The tune of StringZ:aExtraDiquark resulting from a combination of
A® (p/p) measurements is shown in olive (red) bar while the one resulting from a combination
of all the measurements is shown in turquoise. Finally, a combination procedure described in
section 6 is also shown with the label Tune-A. We first discuss the impact of the individual
measurements on the best-fit point of StringZ:aExtraDiquark and we close this section
by a discussion of the combinations. First, we can see that all the individual tunes but
the ones using data from ALEPH-1996, DELPHI-1993, DELPHI-1995 and OPAL—1994 give
results that are consistent with each other; i.e. the best-fit point floats around 0.8-0.93 with
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_ zp (OPAL1997) : 1.95 + 1.55 (x*/Nar = 12.11/14)
g x, (DELPHI1993) : 0.018 & 1.52 (x*/Nqs = 11.52/10)
Clé & 2-jet events (ALEPH2000) :  0.36 £ 0.39 (x2/Ngr = 20.39/21)
‘S ¢ all events (ALEPH2000) : 0.81 4 0.22 (x%/Ng; = 21.43/21)
x, (ALEPH1996) : 1.72 £ 0.20 (x%/Nyg = 14.67/24)
Combined (A/A) : 1.26 4+ 0.13 (x%/Ngt = 90.58/69)
N,/5/Ne (DELPHI1998) : 0.95 4 0.61 (x*/Nas = 5.42/22)
g |p| (OPAL1994) : 0.77 4 0.26 (x*/Nas = 142.33/36)
3]
2 x, (DELPHI1998) : 0.78 + 049 (yv2/Ny; = 7.78/22)
% |p| (DELPHI1998) : 0.78 4 0.49 (x*/Nyt = 7.82/22)
] |p| (DELPHI1995) : 0.018 £ 0.202 (x?/Nqs = 7.47/7)
j x, (ALEPH1996) : 0.42 £ 0.30 (x?/Nas = 43.56/25)
- Combined (p/p) : 0.84 +0.39 (x%/Ng = 13.27/45)
Combined : 1.22 +£0.12 (x*/Ngs = 104.81/115)
TUNE-A: 1.03 £ 0.59 (section 6)

Figure 10. Best fit point for StringZ:aExtraDiquark, the corresponding 68% errors and the
associated x?/Ng¢ for the different observables and their combinations. Here, we show A scaled
momentum/energy (light green), combination of all A measurements (olive), p/p momenta (purple),
combination of all p/p measurements (red) and the combined measurements of A and p/p momenta
(turquoise). More details are can be found in the main text.

uncertainties of about 0.20-0.61. The tune the OPAL-1997 measurement prefers large values
of StringZ:aExtradDiquark, of 1.97.!' We note that the consistency between the theory
and data for this measurement is almost independent of whether we include or not these two
bins in the tune. Finally, we must note that the result of the fit of the proton momentum
performed by DELPHI-1995 prefers very small values of StringZ:aExtraDiquark.

We turn now to a discussion about the combination procedure. As discussed, we dot
not include the measurement of p/p spectrum by OPAL-1994 since it is inconsistent with the
others for x, > 0.1 (see figure 6),'> and the measurements of p/p and A° scaled momenta

"This is due to the fact that the last two bins, corresponding to g > 0.5, of the zz distribution forces
StringZ:aExtraDiquark to take the largest possible. Removing these two bins will reduce the best-fit point
from 1.95 to 0.91.

12We have checked that the value of StringZ:aExtraDiquark at the minimum is almost unaffected if the
OPAL_1994_S2927284 measurement of the proton (p/p) momentum is added to the fit. One must note that
the net effect of including that measurement is worsening the quality of the fit since x?/Ngr increases by
almost a factor of one. This is unsurprising due to the fact that the OPAL measurement itself is inconsistent
with the other experimental measurements of proton (scaled)-momentum.
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Tune alund  avgZLund  sigma aExtraDiquark bLund  x2/Ng¢

ALEPH 0.758+9-071 0.541F9:097 02970393 1.21870-338  1.040 116.22/296

DeLpHL  0.358T00%1 0.49770007 0.2871000¢  0.782103%%  0.533 144.37/268
L3 0.4781000% 0.557130% 0.31575:00%  1.99870:510  0.897 84.70/140
OPAL 0.58870986 0.53670992 0.3007099%  1.9987020%  0.872 53.54/136
CoMBINED 0.6011003% 0.54010051 0.30710055  1.67110150  0.897 676.69/852

Table 2. Results of the tunes performed separately to all the considered measurements from a
given experiment.
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Figure 11. Results of tunes performed to all the data shown in table 5-9. The results are projected on
different parameters we used in the four-dimensional parameter space tune. The contours corresponding
to 68%, 95% and 99.5% confidence levels are shown in yellow, orange, and red respectively.

from ALEPH-1996 have been removed as well. There are two reasons for the latter choice:
first, the tuning of StringZ:aExtraDiquark to the corresponding p/p measurement prefers
small value of about 0.42 (see figure 10) and the agreement between theory and data at the
best-fit point is not good enough (x? ~ 44 even after including the 5% theory uncertainty).
Second, the measurement of A? scaled momentum has been superseded by a more recent
one performed by ALEPH-2000 [89] which includes more data. (Further, the tuning of
StringZ:aExtraDiquark to ALEPH-1996 of A” scaled momentum prefers a very large value
in tension with the other measurements as shown in figure 10.) Finally, we also noted
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that the measurements of p/p (scaled) momentum by DELPHI-1995 [86] were superseded
by the more recent DELPHI-1998 [87] measurement which covers a wider range of momenta
p € [0.5,45] GeV/c2.

This leaves two measurements of p/p and four measurements of A (scaled) momenta
which have been used in the combinations. The result of the tune from a combination of A
measurement only is about 1.26 + 0.13 with a x?/Ng¢ of order 1.2. The combination of the
p/p scaled momentum and N, 5/ Ncharged Mmeasurements gives a best-fit point of 0.84 + 0.39
consistent with the previous combination within the quoted uncertainties. Finally, we note
that the combination of all the six mentioned measurements give a best-fit point of 1.224+0.12
with a good value of x2/Ngt ~ 0.91.

Now, we discuss the results of the four-dimensional parameter space tuning. The results
of the fits are shown in table 2 for individual experiments and their combinations. We can
see that the best-fit points of StringZ:aLund, StringZ:avgZLund and StringPT:sigma are
consistent with the results of a previous study [52]. 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 mainly by the results from two experiments:
L3 and OPAL.

The correlations at the best-fit point are:

a <Zp> 01 ADiquark
a 1.000 JONES 0.057 [0.415
¢, (o | EEE Looo —o2m0 [OEHE -
Y oL 0.057 —0.270 1.000 —0.204 |’

aDiquark \ (0415 |06l —0.204  1.000

where we have highlighted the three numerically largest off-diagonal coefficients. We
see that the three longitudinal fragmentation-function parameters (z,), a, and apiquark
(StringZ:avgZLund, StringZ:alund, and StringZ:aExtraDiquark in the code) are quite
correlated, while the transverse o parameter (StringPT:sigma) is a bit more factorized.

In figure 11 we show the 68%, 95% and 99.5% CL intervals projected on the different
fragmentation-function parameters. This is a clear visualization of the results of eq. (5.1)
and table 2. As was pointed in the previous subsection, different measurements prefer
different values of StringZ:aExtraDiquark. We have also checked that these results do
not correspond to flat directions as the best-fit point of StringZ:aExtraDiquark does not
significantly depend on the choice of the prior (unless the prior is too close to the best-fit
point). We finally note that these tune results give fairly good agreement with data and
the results are competitive with the baseline MONASH tune.

We close this section by showing the results of the Bayesian fit which constitutes a very
good cross-check of the results of the frequentist analysis. These results are shown in figure 12
where we can see a very good agreement with those of the frequentist fit shown in figure 11.
The results of the Bayesian fit along with the 95% credible levels are shown below:

StringZ:aLund = 0.60 £ 0.07,
StringZ:avgZLund = 0.54 £ 0.01,
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StringZ:aLund = _0.60i8;83

ringZ:avgZLund = 0.54+3:3}

StringZ:avgZLund

BtringPT:sigma = 0.31+3:39
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Figure 12. One- and two-dimensional marginalized posterior distributions for the uni-modal four-
dimensional parameter space fit. Here, the contours show the 68% and 95% Bayesian credible intervals.
The results include all the measurements listed in tables 5-9.

StringPT:sigma = 0.31 £ 0.01,

StringZ:aExtraDiquark = 1.68J_r8:§§7

which agrees very well with the results of the frequentist fit.

6 Uncertainty estimates

In this section, we discuss the different sources of QCD uncertainties that may affect the
particle spectra from dark-matter annihilation. We start with a discussion of the parton-
shower uncertainties and how they are estimated within PyTHIA 8. The formalism of the
shower uncertainty estimates used here is based on the method developed in reference [108].
We then move to the discussion of the hadronisation uncertainties and we estimate their size.
The estimate of these uncertainties is done with two different methods: Hessian variations
that are widely used in the estimate of parton distribution functions (PDFs) uncertainties
(see e.g. [109] for more details about the Hessian method) and a manual method which we
used in a previous analysis [52].

— 21 —



g

StringZ:aExtraDiquark = 1.03 £ 0.59

[N
o

o

—_

t

0.0 P IS T ST T S T

StringZ:aExtraDiquark
& &
R R e R R R

N\ J0 oney]

66T-Tvd(Q : A810u0 pofess (v =
PO ) 4

966T-HdATY : umaads
oV 10 UOTDRI WNIUIWOUL Pa[edg S0]
)

: (syuoae qre)

SJU2AD J0[—7) (V' 10} UONORY WMjUAMOMW Pa[edg For] __._|
|
I
966T-HdATY : umioads d —|—._|
yuoao [[v) wmguowow poyeos d/d - (- ——a—1—]

€66T-THATA( : wmnoads wnjuaumout pafess (v ‘v

QE6T-THATA  (S10AG

8661-1HdTE (]

000Z—HJITY SIU2AD [[R)

000Z-HdITY : (

Figure 13. The tunes results of the StringZ:aExtraDiquark parameter performed separately to
each of the eight measurements of proton or A spectra. The weighted average of the tunes to the
individual measurements is shown with a black line while the green shaded area corresponds to the
68% CL interval on StringZ:aExtraDiquark.

6.1 Perturbative uncertainties

PyTHIA 8 allows for two different perturbative uncertainty estimates in the parton shower:
scale-variation uncertainties and non-singular uncertainties, with details as given in [108]. We
note in particular that the non-singular variations, which are qualitatively similar to those
first explored in [110, 111], are linearly independent from renormalisation-scale variations and
provide an important handle on terms that are not proportional to the shower approximation.

Before digging into the details of the estimate of these uncertainties, we first remind the
reader that the default parton showers in PYTHIA 8 are based on a dipole type p-evolution
which has been available since PYTHIA 6.3 [71] and is used for both QED and QCD emissions.
There are strong arguments that the renormalisation scale, at which the parton branchings
are estimated, should be equal to the transverse momentum of the branching parton. This
scale choice is accompanied by a universal factor that absorbs the leading second-order
corrections in the soft-limit [72, 112]. This is usually equivalent to increasing the effective
value of the strong coupling ag(M%) by about 10%.

The first class of shower uncertainties is estimated by varying the effective renormalisation
scale by a factor of two in each direction with respect to the nominal scale choice. Let us
consider a variation defined by pur = p; — kp, with £k = 1/2,2. Under this variation,
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the gluon-emission probability

changes into

P(t,2) = O‘S(Qk“) (1 + O‘;(“) Boln k:) Pz) (6.2)

s ™ t

where t = pi, z is the longitudinal momentum fraction, P(z) is the DGLAP splitting kernel
for the a — bc branching, 8y = (11N, — 2ny)/3 is the one-loop beta function with N, = 3
being the number of colour degrees of freedom and ny is the number of active quarks with
mass my below ur = p) . To guarantee that scale variations are as conservative as possible
while simultaneously respecting e.g. the known soft limit, a number of modifications to
eq. (6.2) are made, cf. [108, 111]. First, the scale p at which ag is evaluated (the second
term inside the parenthesis) is chosen to be the maximum of the dipole mass mgi, and kp ;
i.e. ft = fimax = max(maip, kp1). Second, another factor ¢ that depends on the singularity of
the splitting is introduced. In this case, the second term inside the parenthesis of eq. (6.2)
is multiplied by (1 — ¢) so that the correction factor vanishes linearly outside the soft limit.
We note that in PYTHIA 8, a limit on the allowed value of ag that changes under the scale
variation is imposed i.e. |[Aag| < 0.2 in order to prevent branchings near the cut-off scale
from generating important changes to the event weights. The variations of the non-universal
hard components of the DGLAP kernels are also possible with the new formalism. Under
these variations, the shower splitting kernels transform as

P32 (P(z) + CNSQQQ)

2
Q mdip

dt
t?

(6.3)

where Q2 is the virtuality of the parent branching parton, and cyg is a factor that corresponds
to the variations — by default exng = +2 is used but the user is free to change it. 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. It was found that switching off these corrections would lead to comprehensively
larger envelopes [108]. We have checked that this the case but the error band from non-singular
variations without MECs strongly overlaps with those from scale variations. Therefore, if the
total perturbative uncertainty is taken as the envelope of the variations and not their sum in
quadrature then there is no major difference between switching MECs on or off.

6.2 Fragmentation function uncertainties
6.2.1 Weighted fit

This method consists of taking the values of the best-fit points of the apiquark parameter from
eight different measurements — shown in figure 10 and estimate a new combined best-fit
point (weighted best-fit point) and the associated error. In what follows, we do not take the
results from the fits to the measurement of the (anti-)proton momentum by DELPHI-1995 [86]
and OPAL-1994 [90]. Let us denote the best-fit point of StringZ:aExtraDiquark from a
measurement ¢ (here i =1,--- ,8) by x; & 0; (with o; being the MIGRAD error on z;). If one
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assumes a Gaussian probability distribution function for x; and no correlation between the
different measurements, we define a global x? of the variable = as

X2:§8:<$—l'i>2‘ (6.4)

i=1 i

The combined best-fit point value of StringZ:aExtraDiquark is obtained by minimizing
the x? measure defined in eq. (6.4):
ox?

ox

—9 (1" _ifi> = 0. (6.5)

g

=1 i=1

Solving this equation will give

2 L0y ?
-2

2.0

where the numerical value is obtained by using the results shown in figure 10. The error on &

= 1.03, (6.6)

‘%:

is obtained by differentiating y? two times with respect to #. In this case, we obtain

1
62:2 - (6.7)
i 2

9;

This basic approach leads to a small value of 6 that will be mainly controlled by the
measurement with the smallest ;. In principle, this approach does not define a conservative
estimate of & as we can see clearly that the best-fit points z; are not stable and strongly
depends on the measurement being used. Therefore, in order to improve this basic approach
we inflate the error 6 by a reasonable factor which we choose to be five. The result of this
approach is depicted in figure 13 where we can see the green shaded area which corresponds to
the combined errors passes through most of the best-fit points. Therefore, the new combined
result along with the corresponding uncertainty is expected to provide a very good agreement
with almost all the measurements within the error bands. The final result is given by

StringZ:aExtraDiquark = 1.03 £ 0.59. (6.8)

To obtain a comprehensive uncertainty band from the variations of the fragmentation-function
parameters we consider all the possible variations obtained from the errors depicted in eqgs. (4.2)
and (6.8) and not only the correlated ones: {pi,p2,p3,pa} = (++ ++),(— — ——). For a
parameter space of dimension four, the total number of variations, excluding the nominal
value, is given by N = 3* —1 = 80 variations. However, given that the sum of StringZ:aLund
and StringZ:aExtraDiquark may be thought as a new effective a.g parameter, we can
consider their correlated variations, i.e. they will be changed in the same direction, we end
up with 32 — 1 = 26 possible variations.

6.2.2 Hessian errors (eigentunes)

The PROFESSOR toolkit provides an estimate of the uncertainties on the fitted parame-
ters through the Hessian method (also known as eigentunes). This method consists of a
diagonalisation of the x? covariance matrix near the minimum

AX® = Z Z Hyj(xi, ) (s — 2f) (x5 — 27), (6.9)
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with H;; being the Hessian matrix which consists of second-order derivatives of the covariance
matrix with respect to the parameters near the minimum, i.e H;; = 9*x?/0z;0z;. The
problem then consists of diagonalising the H;; matrix in the space of the optimised parameters,
i.e. finding the principal directions or eigenvectors and the corresponding eigenvalues. This
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
T (defined as the tolerance), i.e. Ax? < T. Therefore one can define the Ay? to match a
corresponding confidence level interval; i.e. one-sigma variations are obtained by requiring
that Ax? ~ Ngt where Ng¢ is the number of degrees-of-freedom defined in eq. (4.3). This
approach defines a conservative estimate of the uncertainty if the event generator being
used has a good agreement with data (which is usually quantified by x2;,/Ngr < 1) and the
resulting uncertainties provide a good coverage of the errors in the experimental data. Since
we have added an extra 5% uncertainty to the MC predictions for all the observables and
bins (see section 4) this condition is effectively satisfied in our fits, as depicted in table 2.

Further, since our aim is to obtain reasonably conservative uncertainties, we consider not
only the one-sigma eigentunes but also the two-sigma and even three-sigma ones (corresponding
to Ax?/Ngs = 4 and 9 respectively). By inspection, we find that while the three-sigma
eigentunes do provide a very good coverage of all of the experimental uncertainties for the
meson and baryon spectra, they do considerably overshoot the experimental errors for e.g.
event shapes or jet rates. Conversely, the one-sigma eigentune variations are somewhat
smaller than what we got with the weighted-fit procedure described above. We therefore
advocate using the two-sigma ones for reasonably — but not overly — conservative practical
applications. For completeness and so readers can make their own choices, we give the
variations corresponding to all of them, the one-, two-, and three-sigma eigentunes, in table 3.

In figure 14, we show the comparison between the Monte Carlo predictions at the best-fit
point (including the envelope from theory uncertainties) and the experimental data for the
p spectrum (left) and A? scaled energy (right). We can see that all the theory predictions
agree pretty well with data within the uncertainty envelopes. The envelope spanned from
the variations around the best-fit point of the weighted fit (shown in cyan) is located in
between the one- and two-sigma eigentunes. There are, however, some regions in the p
spectrum where all the variations seem to cancel each other (specifically in the few bins
between z, = 0.1 and z, = 0.3). The resulting uncertainty can range from about 5% in
the low xg region to about 40% in the high zg region.

In summary, to be reasonably — but not overly — conservative, we can define either
the envelopes from the weighted fit or from the two-sigma eigentunes as our estimate of the
uncertainty on the baryon spectra. As the uncertainty estimate from the weighted fits is
computationally more expensive and the two-sigma eigentunes appear to be slightly more
conservative, we will use the two-sigma eigentunes in the rest of the paper and also for the
new data tables that can be found in this github repository.'?

3To obtain the anti-matter spectra along with the hadronisation uncertainties from the weighted fit one
needs to generate twenty seven MC samples for each dark matter mass. Therefore, we recommend the user
who is interested in producing the spectra himself to use the variations provided in table 3 which will require
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https://github.com/ajueid/qcd-dm.github.io.git

Tune StringZ:alund StringZ:avgZlLund StringPT:sigma StringZ:aExtraDiquark

Central 0.601 0.540 0.307 1.671
lo eigentunes

Variation 17 0.608 0.542 0.307 1.771
Variation 1~ 0.592 0.538 0.307 1.568
Variation 2+ 0.498 0.535 0.306 1.679
Variation 2~ 0.701 0.544 0.309 1.662
Variation 37 0.599 0.575 0.321 1.671
Variation 3~ 0.602 0.506 0.295 1.671
Variation 47 0.601 0.511 0.384 1.671
Variation 4~ 0.600 0.563 0.245 1.671
20 eigentunes

Variation 17 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 37 0.597 0.609 0.333 1.670
Variation 3~ 0.603 0.474 0.283 1.671
Variation 4T 0.601 0.478 0.475 1.672
Variation 4~ 0.600 0.581 0.197 1.669
30 eigentunes

Variation 17 0.609 0.542 0.307 1.780
Variation 1~ 0.590 0.538 0.307 1.543
Variation 27 0.500 0.535 0.306 1.679
Variation 2~ 0.700 0.544 0.309 1.662
Variation 3% 0.595 0.642 0.345 1.669
Variation 3~ 0.605 0.447 0.272 1.672
Variation 47 0.602 0.445 0.562 1.673
Variation 4~ 0.599 0.595 0.158 1.669

Table 3. The Hessian variations (eigentunes) for the nominal tune including all the measurements
performed by ALEPH. The variations correspond to Ax? =1 (68% CL), Ax? =4 (95% CL) and
Ax? =9 (99% CL) with Ax? is defined as Ax? = 2., — XZin-

6.3 Assessing QCD uncertainties on anti-matter spectra

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

Ekin E—-—m

= 6.10
= (6.10)

X

with FEyy, is the kinetic energy of the particle specie (antiproton, positron, neutrino and
photon), m is its mass and M, is the dark matter mass. We study the following annihi-

nine runs instead of twenty seven and thus significantly reduce the running time.
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Figure 14. Comparison between the theory predictions and the experimental measurement of p
spectrum (left) and the A® scaled energy (right). The nominal predictions correspond to the fit results
shown in table 2 (red, green, and blue) and equations (4.2), (6.8) (cyan). The uncertainty envelopes
corresponding to the one-sigma, two-sigma, and three-sigma eigentunes are shown in red, green and
blue while the uncertainty envelope from the 26 variations around the best fit points resulting from
the weighted fit is shown as cyan shaded area. Data is taken from [85, 88].

lation channels:

M, xx = XX Spectra

10 GeV qq, 99 Figures 15-16
100 GeV qq, 99, VV Figures 18-19
1000 GeV qq, 99, VV, HH, tt Figures 20-21

For the gg annihilation channel, we assume that the dark matter is annihilated to
all the quarks except the top quark with BR(xx — ¢q) = 0.2,¢ = u,d,s,c,b. For the
V'V channel, we include both the ZZ and WTW ™~ channels with equal probabilities: i.e.
BR(xx — WTW~) = BR(xx — ZZ) = 0.5. The impact of QCD uncertainties on the
particle spectra are shown in figures 15-16 for M, = 10 GeV, figures 18-19 for M, = 100 GeV
and figures 20-21 for M, = 1000 GeV for the above mentioned annihilation channels. 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 1000 GeV, these uncertainties become more competitive with
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Figure 15. The scaled kinetic energy distribution of anti-protons (left upper panel), positrons (right
upper panel), electron antineutrinos (left bottom panel) and photons (right bottom panel) in dark
matter annihilation into ¢¢ (red) and gg (green) and dark matter mass of 10 GeV. For each pane,
the dark shaded band corresponds to the parton-shower uncertainties while the light shaded band
corresponds to hadronisation uncertainties.

the hadronisation uncertainties and reach up to 15% in the peak region. The hadronisation
uncertainties on the anti-proton 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 and also that there
are regions where all the variations result in almost no uncertainty at all, i.e. x ~ 0.2 in the
anti-proton spectra in the ¢q final state. We interpret this as an artifact of unitarity imposing
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Figure 16. Same as for figure 15 but for the spectra of muon antineutrinos (left) and tau antineutri-
nos (right).

a sort of nodal points in the distributions. A more detailed investigation of this effect would
in principle be interesting but is beyond the scope of this work.

7 Application to dark-matter indirect detection experiments

In this section we quantify the effects of QCD uncertainties on two DM observables: the
velocity-weighted effective cross section, (ov), and the DM mass M, . We first discuss the
general methodology for determining the DM uncertainties arising from QCD uncertainties.
We then discuss the results for an antiproton final state. This is followed by a discussion of
electron antineutrinos and photons final states as a proof of principle.

7.1 Dark Matter uncertainties

In DM indirect searches, there are generally two important parameters: the velocity-weighted
effective cross section, (ov),'* and the DM mass, M, . The inclusion of QCD uncertainties
will translate into uncertainties in determination of these two DM observables. The effect
on (owv) is simply an overall shift in the height of the spectrum; varying (ov) is identical to
changing the normalization of the spectrum. The uncertainty concerning the DM mass is
quite straightforward, since a change in the DM mass changes the spectrum including the
peak position. To quantify the effects of the QCD uncertainties on the DM mass, we consider
two different approaches. First, for a spectrum coming from a DM particle with mass M,,
which different masses have spectra including QCD uncertainties that can match the spectrum
of M,, i.e., which masses can look the same as M,. Or, the spectra of which masses can
match the spectra of M, including QCD uncertainties, i.e., with which masses can M, look
similar. We will call these two different approaches to finding the DM mass uncertainty AM

Y411 principle, the DM density can also be used instead of the velocity-weighted effective cross section.
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and AS, respectively. To quantify which spectra agree when QCD uncertainties are included,
we require that for the upper and lower bounds of the DM uncertainties x?/Nq ~ 1 holds.
Although not proven, we consider it safe to assume that x?/Nq . strictly increases for larger
deviating values of DM mass or spectral height.

We have written a public code to both interpolate spectra for a given DM mass, channel,
and final state, and to compute the upper and lower bounds for the three aforementioned
DM uncertainties: A{ov), AM, and AS. Additionally, the considered fit region can be user
supplied. The code can be found in this github repository.

For both electron antineutrino and photon final states the spectrum does not need to
be propagated, as these particles can propagate freely. Thus the DM uncertainties can
be determined directly from the annihilation spectrum. However, for the antiproton final
state, the spectrum must first be propagated before the upper and lower bounds of the
uncertainties can be determined. Our code emulates cosmic-ray propagation by diffusing
each bin using tabulated diffusion values, if the bin is not tabulated the diffusion values are
linearly interpolated. By performing the diffusion for every bin, the complete propagated
spectrum is obtained. We use DRAGON 2 [113, 114] to compute the tabulated diffusion values
by inserting an antiproton spectrum for the DM annihilation spectrum that is peaked at a
specific bin. The propagation parameters are determined by fitting the AMS-02 [115] proton
p, antiproton over proton p/p and Boron over Carbon ratio B/C' spectra using an artificial
bee colony as the optimization algorithm [116, 117]. The resulting propagation parameters
can be found in the README of the code. This fit resulted in a DM mass of O(100GeV),
which may affect results for other DM masses.

To assess the effects of the different propagation parameters, we cross-compared a set of
parameters from [118] and the default settings from DRAGON 2. The variation in the DM
uncertainties between these sets is about 1-5%. We consider these discrepancies to be small
enough that it is safe to use our fitted parameters for the following results.

Our default tabulated diffusion values do not account for solar modulation; only a
low-energy correction factor for the diffusion coefficient is implemented. To account for
this, we have fitted antiproton final-state spectra down to 1 GeV. While solar modulation is
relevant at these energies, QCD uncertainties are typically small in this range, so we do not
expect the inclusion of solar modulation to significantly change our results. Regardless, the
tabulated diffusion values can be input by the user to meet situation-specific requirements.
In particular, positron propagation is not implemented, so all results for positron final states
were obtained using the annihilation spectrum and should therefore be treated with caution.
In addition, the results of our code may be unreliable in certain cases for very small values
of differential flux or QCD uncertainties due to numerical problems. We recommend that
all results be checked for accuracy.

7.2 Results for antiprotons

To showcase the impact of the QCD uncertainties on the antiproton spectrum and consequently
the DM observables, we show AS for all channels in figure 17 for a DM mass of 200 GeV.
The QCD uncertainties are shown as the ratio to nominal, and the fitted upper and lower
boundaries as a green and blue line respectively. We use a 200 GeV DM particle such that
all channels can be produced on shell without having to account for kinematic boundary
effects. We use AS as the DM uncertainty simply for visualization purposes; AS only has
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Figure 17. The AS uncertainty of various channels for a nominal DM mass of 200 GeV. The QCD
uncertainties and the spectra of the upper and lower bound of AS are shown as the ratio to the
spectrum of the 200 GeV DM particle. The shaded region from 1GeV up to the DM mass of 200 GeV
is considered for the fit.

one set of QCD uncertainties, namely those of the nominal spectrum, as opposed to AM
which considers the QCD uncertainties of both the upper and lower limits. The uncertainty
on (ov) is of course simply a vertical shift of the spectrum.

In figure 17 the shaded region, x € [1/M,, 1], is the energy range that is used for the fit,
i.e. 1 GeV up to the DM mass of 200 GeV. Due to the requirement on the upper and lower
bounds of AS that x2/Ngs =~ 1 some averaging over the spectra is to be expected, which
indeed occurs mainly in the high-z regions. This is most striking for bb, where the spectra
fits comfortably within the QCD uncertainties, for low x, thereby compensating for a poorer
fit at high . The relevance of the high-x regions is of course dependent on a case-by-case
scenario. In order to make no assumptions about the relevance of the high-x region we fit
the entire spectrum up to x = 1. However, not considering the high-z regions increases the
size of the DM uncertainties for most channels, most significantly for bb.

The relative DM uncertainties for higher DM masses must be calculated specifically
for a given mass and channel, but some general observations can be made from figure 17.
The influence of the low-x regions becomes more important for high DM masses. This is
because if one consistently considers the fitting range down to 1 GeV, the fraction of low z
regions increases. We have checked the following statements for both M, = 500 GeV and
M, = 1000 GeV. For uu, dd, c¢, and gg, no significant change occurs in the relative size of
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| xx = XX = 7 | xx = XX =~

Afov) [%] | AM, [GeV] | AS [GeV] | A{ov) [%] | AM [GeV] | AS [GeV]

A B A B A B C D C D C D

- +7 +7 +33 +34 +17 430 | +6 +6 +20 423 | +17  +36
qq —7 —7 —15 —28 -30 -30 | -6 —6 -3 —26 | —-25 —29
bh +8 +7 +31 +44 +11 429 | +5 +5 +14 414 | +11  +12
-7 —7 —14 —27 —29 -30 | —6 —6 —11  —11 | —20 -20

H +3 +3 +0 +0 +0 +0 | +1 +1 +10 410 +0 +0
-3 -3 -0 -0 -0 -0 | -3 -3 -0 -0 -0 -8

wrw- | +2 +4 +0 +8 40 410 | +4 +4 +0 +21 +0  +10
-1 —4 -0 -9 -0 -7 =9) —9) -0 —10 -0 —10

77 +3 +4 +0 +7 +0 +0 +4 +4 +8 +10 +9 +11
-0 -0 -0 -5 -0 -6 | —4 —4 -8 —10 -7 —10

HH +4 45 40 +15 40  +13 | +4 +4 +0 +11 +3 49
—4 -5 -0 12 -0 —12 | -2 -3 -0 -8 -0 —10

+7 +7 +30 +43 +14 429 | +6 +6 +14 414 | +13  +13

g9 -7 -7 —20 —26 —28 —28 | —6 —6 —-20 —-20 | —-20 —29

Table 4. The three DM uncertainties, A{ov), AM, and AS, for a DM mass of M, = 200 GeV for
electron antineutrino and photon final states. The uncertainties are fitted for four different ranges:
A =1[10"°/My,1], B=[10"°/M,,0.5], C = [1073/M,, 1], and D = [1073 /M, 0.5]. The lower bounds
of the fit range has been chosen such the QCD uncertainties do not become erratic.

AS, which is evident when considering figure 17. The W+W ~, ZZ, and hh obtain relatively
smaller DM uncertainties, as is also expected since the fitted spectra for these channels
diverge in the low-z regions. A relative increase in AS is seen for bb, the upper limit of
55, and the upper limit of #t, as is also expected.

While these results refer to AS, the conclusions can easily be applied to AM, since in
both cases it is a matter of shifting the mass. The main difference, of course, is that the
QCD uncertainties are different for different DM masses, so the numerical values for AS
and AM may be different. This will be made explicit in the following section dealing with
electron antineutrino and photon final states.

7.3 Results for electron antineutrinos and photons

In the following, we consider only electron antineutrinos and photons to show the effects of
QCD uncertainties. The results for muon and tau antineutrinos may be significantly different
from those for electron antineutrinos because their spectra differ considerably, as can be
seen in figure 19. The DM uncertainties for antineutrinos and photons can be determined
directly from their annihilation spectra without the need for CR propagation. We show
the three different DM uncertainties, A{ov), AM, AS, for a DM mass of 200 GeV for an
electron antineutrino and photon final state in table 4. We consider the energy range down to
x = 1075 /M,, for antineutrinos and x = 1073 /M, for photons, since for lower values of = the
QCD uncertainties become erratic. For both final states, we additionally perform a fit that
includes and excludes the high- z region of z € (0.5, 1] to quantify the effects of these regions

From the table 4 it can be seen that for the WTW~, ZZ, and HH channels the inclusion
of the high-z region is very important, especially for a v, final state. Figure 18 clearly
shows the small QCD uncertainties in the high-x regions for both W+W~ and ZZ, and
figure 21 includes H H, where the small QCD uncertainties naturally translate into small
DM uncertainties. While for most channels the spectrum falls off smoothly at high x values,
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this is not the case for WW ™ or ZZ when the final state is an antineutrino. Thus, while
for many channels the inclusion or exclusion of high-z values can generally be justified due
to the low differential flux in this region, for both WTW ™ and ZZ this must be judged on
a case-by-case basis depending on the specific analysis.

The uncertainties of DM for all non-top quarks and gluons are comparable to an an-
tiproton final state: the upper and lower bounds are approximately at the edges of the QCD
uncertainties. Thus, in general, the uncertainties of DM do not change significantly with or
without the high-z region. There are some exceptions though, e.g., the upper limit of AM for
X — g9 — Ue. For a tt-mediated 7, or v final state, the QCD uncertainties are more compa-
rable to the V'V or HH channels than to the ¢¢ or gg channels, as can be seen from figure 21.
This is reflected in the DM uncertainties, which are indeed more comparable to V'V and HH.

In general, the magnitude of the DM uncertainties for both 7, and + final states depends
strongly on the channel and the considered fitting region, even more so than for an antiproton
final state. The impact of the QCD uncertainties on the DM observables can be as large as 20%
in certain scenarios and therefore must be considered in future DM indirect detection studies.

8 Conclusions

In this work, we have studied the QCD uncertainties on antimatter spectra from dark-matter
annihilation, completing a series of analyses of QCD uncertainties in dark-matter indirect
searches in which we previously studied gamma-ray spectra [52] and antiproton spectra [63].

After studying the general features of antimatter production in dark-matter annihilation
within PYTHIA 8, we studied in detail the origin of antimatter for various annihilation
channels taking M, = 1000 GeV as an example.

We found that the spectra of antimatter can be modeled correctly if the spectrum of
charged pions, antiprotons and hyperons measured at LEP is modeled properly. We performed
a detailed analysis of baryon production at LEP (especially antiprotons and hyperons). Some
tensions were identified between individual LEP measurements and we gave some motivated
choices for which ones we deemed most consistent or reliable for our tunes.

Next, we compared the predictions of several state-of-art MC event generators, i.e.,
HErwIG 7, PYTHIA 8 and SHERPA 2. We found that MC event generators based on the
string hadronisation model have a good agreement with data while the MC event generators
based on cluster hadronisation model tended to have poorer agreement with the experimental
measurements, with disagreements reaching up to 50% in some kinematic regions. (We
emphasise, however, that only the default tunings of the cluster-based models were considered.)
This comparison also suggests that the envelope spanned between the different MC event
generators does not constitute a very faithful estimate of the QCD uncertainties since for
photons and charged pions they agree pretty well in the peak region (see [52]) while for
protons and hyperons they have very large differences. We therefore studied an alternative
scenario in which we estimate the QCD uncertainties by parametric variations within a
single (string-based) model, PyTHIA 8.

First, we performed several retunings of the fragmentation-function parameters in
PyTHIA 8 with the MONASH 2013 tune as our baseline and using a set of constraining
measurements at LEP totalling 48 measurements and 856 bins. The resulting tune yields
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very good agreement with the experimental measurements with x?/Ng¢ ~ 1 for most of
the observables.

We then estimated the QCD uncertainties that arise from two linearly independent
parton-shower evolution variations (renormalisation-scale and nonsingular-term variations)
and from hadronisation modelling using parametric variations around the best-fit points
of the hadronisation model.

We studied the impact of these uncertainties on antimatter and photon spectra. We found
that the QCD uncertainties are highly dependent on the annihilation channel, the DM mass,
the particle species and the energy region. A notable example is the antiproton spectrum
where the hadronisation uncertainties dominate the particle-physics error budgets and can
reach 10%-20% in the bulk and the peak of spectra and up to 50% in the high-x region. The
QCD uncertainties on the other antimatter species are highly dependent on the annihilation
final state but are around 10%—-15% depending on the annihilation channel and DM mass.

We finally analysed the impact of these QCD uncertainties on DM indirect-detection fits
using realistic CR propagation models for antiprotons, electron antineutrinos and photons. We
have considered various annihilation channels that lead to hadronic final states — wa, dd, s3,
cé, bb, tt, WTW~—, ZZ, hh, and gg —. For antiprotons, we found that the QCD uncertainties
impact the DM masses by up to AM, = 18-32 GeV depending on the annihilation channel.
For the electron antineutrinos and photons the effects are much more different and can go
anywhere between 0 GeV to 43 GeV depending on the annihilation channel and the kinematic
region used in the fits. The effects on (ov) and AS were also studied where we found
important consequences. The size of QCD uncertainties are negligibly dependent on the
choice of the diffusion parameters. Further measurements of the antimatter spectra at the
Large Hadron Collider can be very important as they will deliver additional information
that are necessary to improve the theory predictions and reduce the associated uncertainties.
Therefore, we recommend the DM groups to start using these results for their future analyses.
For this purpose, we provide the spectra in tabulated form including QCD uncertainties and
some code snippets to perform fast DM fits (can be found in this github repository). The
tables can also be found in the latest releases of DARKSUSY 6 [119], MICROMEGAS 5 [120]
and MADDM [121].
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A Measurements: complete list

Dataset Measurement Npins Reference

p/p momentum

ALEPH (%) 2p = |P|/[Plbeam 26 ALEPH_1996_S3486095 [85]
DELPHI (¥) Ip| 8 DELPHI 1995 1394052 [86]
DELPHI |p| 23 DELPHI__1998_ 1473409 [87]
DELPHI N5/ Neharged 23 DELPHI 1998 1473409 [87]
OPAL (¥) Ip| 37 OPAL_ 1994 2927284 [90]
Baryon spectra

ALEPH (%) AV g, 25 ALEPH_1996_S3486095 [85]
ALEPH A% € =log(1/mp) (all events) 22 ALEPH 20001507531 [89]
ALEPH AV € =log(1/z,) (2-jet events) 22 ALEPH_ 2000_1507531 [89]
DELPHI A® scaled momentum 11 DELPHI__1993_1360638 [80]
OPAL A9 scaled energy =g 15 OPAL_1997_S3396100 [88]

Table 5. Measurements used in the optimisation process, and the corresponding number of bins
for p/p and A/A momenta. The data is taken from ALEPH [85, 89], DELPHI [80, 86, 87], and
OPAL [88, 90]. The measurements marked by (*) are not used in the four-dimensional tunes (see the
text for more details).

Dataset Measurement Nbins Reference

Charged multiplicity

DELPHI N, 2-jets, yeur = 0.01 19 DELPHI_1992_ 1334948 [122]
DELPHI N, 2-jets, yeur = 0.02 19 DELPHI_ 19921334948 [122]
L3 Nech 28 L3_ 20041652683 [123]
Charged Particle Momentum

DELPHI log(1/z,) 27 DELPHI_1996_S3430090 [81]
DELPHI |p| (all events) 27 DELPHI_1998_ 1473409 [87]
ALEPH log(1/xzp) (charged) 42 ALEPH 1996 S3486095 [85]
L3 log(1/xp) 40 L3 2004 1652683 [123]

L3 log(1/xzp), udsc events 40 L3 2004 1652683 [123]

OPAL All events log(1/zp) 29 OPAL_ 1998 S3780481 [124]

Table 6. Same as for table 5 but for the charged multiplicity distributions. Data is taken from [122,
123].
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Dataset Measurement Nhins Reference

Mean charged multiplicity

AvLErH  (Ng,) 1 ALEPH__1996_ 53486095 [85]
ALEPH (Nep) for |[Y] < 0.5 1 ALEPH_ 1996_S3486095 [85]
ALEPH (Nepn) for |Y| < 1.0 1 ALEPH_1996_S3486095 [85]
ALEPH (Nep) for |[Y| < 1.5 1 ALEPH_1996_S3486095 [85]
ALEPH (Nep) for [Y] < 2.0 1 ALEPH_ 1996_S3486095 [85]
DELPHT  (Ng) 1 DELPHI__1996_S3430090 [81]
DELPHI  (Ng,) (all events) 1 DELPHI__1998_ 1473409 [87]
OPAL Mean charged multiplicity 1 OPAL_ 1992 1321190 [125]
OPAL All events mean charged multiplicity 1 OPAL_ 1998 _S3780481 [124]
Identified Particle multiplicities

DeLPHI  Mean A%, A? multiplicity 1 DELPHI__1993_1360638 [80]
DELPHI ~ Mean " /7~ multiplicity 1 DELPHI__1996_S3430090 [81]
DeLpHl  Mean 7° multiplicity 1 DELPHI__1996_S3430090 [81]
DELPHI  Mean p multiplicity 1 DELPHI_1996_S3430090 [81]
DeLpHI  Mean AY multiplicity 1 DELPHI__1996_S3430090 [81]
DELPHI (N, +) (all events) 1 DELPHI_1998_ 1473409 [87]
DELPHI  (N,/5) (all events) 1 DELPHI__1998_ 1473409 [87]

Table 7. Same as for table 5 but for the mean multiplicity of charged particles (Ny) and of identified
mesons and baryons. Data is taken from [85, 126, 127].

Dataset Measurement Nbins Reference

Identified particle spectra

DELPHI 7* momentum (all events) 23 DELPHI__1998_ 1473409 [87]
ALEPH 7* momentum (charged) 39 ALEPH_1995_1382179 [128]
OPAL 7+ momentum 51 OPAL_ 1994 S2927284 [90]
ALEPH 7t spectrum 8 ALEPH_ 1996 S3486095 [85]
DELPHI 70 scaled momentum, all events 24 DELPHI_1996_1401100 [129]
ALEPH 70 spectrum 23 ALEPH_1996_S3486095 [85]
OPAL 70 scaled momentum, log(1/z,) 20 OPAL_1998_S3749908 [130]

Table 8. Same as for table 5 but for the spectrum of charged and neutral pions. Data is taken

from [85, 87, 90, 128-130).
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Dataset Measurement Npins Reference

C'-parameter

ALEPH C' parameter (charged) 24 ALEPH_1996_S3486095 [85]
ALEPH C-parameter (Ecys = 91.2 GeV) 50 ALEPH_ 2004_S5765862 [131]
DELPHI C parameter 23 DELPHI__1996_S3430090 [81]
L3 C-parameter, udsc events 20 L3 2004 1652683 [123]

OPAL C-parameter at 91 GeV 12 OPAL_ 2004 _S6132243 [132]
Thrust

ALEPH 1 —T (charged) 21 ALEPH__1996_ 53486095 [85]
ALEPH Thrust (charged) 42 ALEPH_ 2004_S5765862 [131]
DELPHI Thrust, 1 — T 20 DELPHI__1996_S3430090 [81]
L3 Thrust, udsc events (91.2 GeV) 17 L3_ 2004 1652683 [123]

OPAL Thrust, 1 — T, at 91 GeV 11 OPAL_ 2004_S6132243 [132]

Table 9. Same as in table 5 but for the Thrust and the C-parameter. Data is taken from [81, 85,
123, 131, 132].

B QCD uncertainties in anti-matter spectra: additional plots

In this section, we should the spectra of antimatter and photons in dark-matter annihilation
for M, = 100 GeV (figures 18-19) and for M, = 1000 GeV (figures 20-21).
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Figure 18. The scaled kinetic energy distribution of anti-protons (left upper panel), positrons (right
upper panel), electron antineutrinos (left bottom panel) and photons (right bottom panel) in dark
matter annihilation into ¢q (red), gg (green) and V'V (blue). Here, the dark matter mass is chosen to
be 100 GeV. For each pane, the dark shaded band corresponds to the parton-shower uncertainties
while the light shaded band corresponds to hadronisation uncertainties.
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Figure 20. Same as for figure 19 but for M, = 1000 GeV.
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Figure 21. The scaled kinetic energy distribution of anti-protons (left upper panel), positrons (right
upper panel), electron antineutrinos (left bottom panel) and photons (right bottom panel) in dark
matter annihilation into ¢q (red), gg (green), V'V (blue), HH (purple) and ¢t (turquoise). Here, the
dark matter mass is chosen to be 1000 GeV. For each pane, the dark shaded band corresponds to the
parton-shower uncertainties while the light shaded band corresponds to hadronisation uncertainties.
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