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The Dark Matter Particle Explorer (DAMPE) satellite detector announced its first result for measuring
the cosmic-ray electron/positron (CRE) energy spectrum up to 4.6TeV, including a tentative peak-like
event excess at (1.3-1.5)TeV. In this work, we uncover a significant hidden excess in the DAMPE CRE
spectrum over the energy range (0.6-1.1)TeV, which has a non-peak-like structure. We propose a new
mechanism to explain this excess by a set of 1.5TeV u* events with subsequent decays into e* plus
neutrinos. For explaining this new excess together with the peak excess around 1.4 TeV, we demonstrate
that the flavor structure of the original lepton final-state produced by dark matter (DM) annihilations
(or other mechanism) should have a composition ratio Ne : (N, + %Nf) =1:y, with y ~2.6-10.8. For
lepton portal DM models, this puts nontrivial constraint on the lepton-DM-mediator couplings A, : (Aﬁ +

%A‘r‘)‘l‘t =1 :y}‘t with a narrow range y‘l‘l ~1.3-1.8.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Measuring high energy cosmic ray electrons and positrons
(CRE) is important for probing the nearby galactic sources [1] and
the possible observation of dark matter (DM) annihilations [2].
The cosmic ray electron/positron spectrum has been probed up to
TeV energy scales by the ground-based and space-borne experi-
ments such as HESS [3], VERITAS [4], FermilAT [6], AMS-02 [5],
and CALET [7]. These provide important means for the indirect DM
detection.

The Dark Matter Particle Explorer (DAMPE) satellite detec-
tor [8] was launched at the end of 2015 and is optimized for
measuring cosmic et rays and y-rays up to about 10TeV en-
ergy. After 530 days of data-taking, the DAMPE collaboration newly
announced [9] its first result of detecting the cosmic-ray elec-
tron/positron energy spectrum from 25GeV up to 4.6TeV. The
main part of this spectrum can be fitted by a smoothly bro-
ken power-law model and shows a spectral break around 0.9 TeV,
which confirms the similar evidence found by HESS [3]. The

* Corresponding authors.
E-mail addresses: gesf02@gmail.com (S.-F. Ge), hjhe@tsinghua.edu.cn (H.-]. He),
wang-yc15@mails.tsinghua.edu.cn (Y.-C. Wang).

https://doi.org/10.1016/j.physletb.2018.03.065

DAMPE CRE spectrum also indicates a tentative peak-like event ex-
cess around 1.4TeV. This excess has triggered wide interests and
attempts to the possible physics implications [10-17], either from
the conventional astrophysical sources (such as pulsars and super-
nova remnants) or from dark matter annihilation into eTe~ events,
as well as building various lepton-related DM models.

In this work, we uncover a significant new excess over the
energy region (0.6-1.1)TeV on the left-hand-side of the peak bin
(1.3-1.5)TeV. We propose to explain this intriguing new excess
with 1.5TeV u* events which are produced together with the
1.5TeV e* peak events and subsequently decay into e* plus neutri-
nos. For a possible 1.5TeV 7-component in the original CRE source,
its leading decay contribution to the DAMPE detection is much
smaller than muon, but has a similar energy distribution. To ex-
plain this new excess together with the peak, we find that the
flavor structure of the original lepton final-state produced by the
DM annihilations (or other mechanism) from DM annihilations (or
other mechanism) receives a nontrivial constraint. Although con-
firming this new excess and/or the tentative 1.4 TeV peak structure
would require more data-taking from DAMPE and other CRE exper-
iments, these encouraging clues are important and deserve further
investigations.

This paper is organized as follows. In Sec. 2, we first inspect
the DAMPE CRE spectrum and uncover a new event excess over
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the energy region (0.6-1.1)TeV. Then, we fit the CRE background
data points by treating this new excess and the 1.4TeV peak ex-
cess as signals. Our new fit gives a fairly smooth background curve
and has much lower x?2 than the naive fit (treating all data points
as backgrounds and with much poorer quality). We further exam-
ine the improved sensitivity of the continued DAMPE running up
to 5-6years, which will help to pin down the new excess and peak
excess. In Sec. 3, we will study the decays of 1.5TeV u* events
into e* plus neutrinos, which are produced at the same time as
the 1.5TeV e* peak events. We show that the decay contribu-
tions of the 1.5TeV u* events to the DAMPE CRE spectrum can
explain very well the new excess over the region (0.6-1.1)TeV. In
Sec. 4, we perform a fit to include both the decay-contribution of
1.5TeV u* events and the 1.5TeV e* events produced together in
a nearby clump or subhalo source. We derive the original flavor
composition of the CRE spectrum detected by DAMPE. We further
analyze the physics implications of the original flavor structure of
the DAMPE CRE spectrum. Finally, we conclude in Sec. 5.

2. Backgrounds and new excess off the peak

We replot all the DAMPE data points with 10 errors [9] in
Fig. 1. This is much clearer than the original plot (Fig. 2) of DAMPE
[9] which displayed three other experiments altogether for com-
parison, where the HESS and Fermi-LAT results have significant
overlap with the DAMPE data points around (0.35-2)TeV and make
the precise feature of DAMPE points less clear in this energy re-
gion.

The DAMPE data points presented in the current Fig. 1 appear
distinctive. From this, we observe that the DAMPE data points ex-
hibit another rather intriguing structure on the left-hand-side of
the peak (1.3-1.5)TeV. The energy region of (0.616-1.07)TeV con-
tains five consecutive data points (marked in red color), which
all lie above the expected positions (based on fitting the rest of
the background points). These five red data points are distinctive
and form a non-peak-like new excess in addition to the peak bin
(marked in blue). In particular, we compare these five red points
with the rest and find clear jumps above their neighboring points
(marked in black color) by 220 deviations.

To make this feature fully clear, we first fit the background bins
(marked by black color in the current Fig. 1), without including the
five red data points over (0.616-1.07)TeV and the blue peak point
at (1.3-1.5) TeV. For this background fit, we use the double-broken
power-law form [18],
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where the flux @ is defined as the number of events per unit area,
per unit solid angle, per unit time, and per unit energy width. Ac-
cording to the recent results of Fermi-LAT [6] and DAMPE [9], we
can set the first break E, , =50GeV and the sharpness parameter
§ =10.

Then, we perform a minimal x? fit
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for all the background bins (black color). In Eq. (2.2), each ex-
perimental central value and its error are expressed as Oj and
AOj, respectively. We make two background fits A and A’, where
we exclude the blue peak bin at (1.3-1.5)TeV and the 5 red bins
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Fig. 1. Fitting the background CRE spectrum (black bins) at DAMPE, as shown by the
black dashed curve for 25 GeV-2.6TeV region. The blue peak bin at (1.3-1.5)TeV is
more than 30 above the background curve and each of the 5 red bins in the region
(0.6-1.1)TeV deviates from the background curve by 220, so they are not included
in the background fit. The green dashed curve reproduces the original DAMPE fit [9]
over 55GeV-2.6TeV (including both the 5 red bins and the blue peak bin), which
has much poorer fitting quality as discussed in the text. (For interpretation of the
colors in the figure(s), the reader is referred to the web version of this article.)

over (0.6-11)TeV, and will treat them as signal bins. The fit-A
covers the energy range 25GeV-2.6TeV and the fit-A’ spans over
25GeV-4.6TeV. Since the last 4 bins in (2.6-4.6) TeV region have
rather low event counts (<4) and thus much larger statistical er-
rors, they were also excluded from the fit of DAMPE Group [9]. So
fit-A’ is not our focus and we mention it only as a reference.

Our fit-A gives: ®, =246"13Gev Im=2s 'sr™!, y =3.09 +
0.01, (Ay,, Ayy) = (0.09570543 —0.48739),
471733 GeV. We obtain the minimal x? =3.95 and the degrees
of freedom (d.o.f.) is 23, which give x2/d.o.f. =3.95/23 = 0.172.
Then, we use the best fit of fit-A and present the fitted back-
ground CRE spectrum by the black dashed curve in Fig. 1. As a
reference, our fit-A’ gives: @, = (247 £ 14)GeV~'m~2s7!sr71,

y =3.09 £ 001, (Ay,, Ay,) = (0.09375% 0567599, and

E,, = (493712%) GeV. This fit-A" has x2 =7.60, d.of. = 27, and
thus x2/d.o.f.=7.60/27 = 0.281. We see that the fitting quality of
fit-A is better than fit-A’, as expected.

For comparison, we perform another background fit-B for the
black bins over the energy range 55 GeV-2.6TeV, by using the sin-
gle broken power-law formula [9],

100GeV\ 1 E, \2mn)/A —A
q>bkgzq)O T 1+ K ,
T

with the choice of the smoothness parameter A = 0.1. This for-
mula was used by DAMPE Group [9] for fitting the same energy
region 55GeV-2.6TeV. Our fit-B gives: @, = (1.64 £ 0.014) x
1074Gev Im2s71sr™!, (v, ) = (3.08709%, 3.62701%), and
E,, = 51871)*GeV. This fit-B has x2/d.o.f. = 3.48/18 = 0.193,
which is quite similar to our fit-A.

Our background fits (A, B) have excluded the 5 red bins and the
blue peak bin in Fig. 1, while the original DAMPE fit [9] included
them. For comparison, we have reproduced the DAMPE fit (with-
out nuisance parameters) for all data points in the energy range
55GeV-2.6TeV, and obtain x2/d.o.f. =22.5/24 = 0.939, where we
have combined the statistical and systematical errors. Our total

(2.3)



90 S.-E Ge et al. / Physics Letters B 781 (2018) 88-94

X% =22.5 is fairly close to the DAMPE fit x2 = 23.3 [9] (with
d.o.f. = 18 including nuisance parameters) [19]. We show the best
fit as the green dashed curve in Fig. 1, which agrees very well
with the original DAMPE fit (cf. the red dashed curve in Fig. 2
of Ref. [9]). This green curve appears un-natural because both the
bottom bins on the two sides of the peak bin (1.3-1.5)TeV lie
significantly below the green dashed curve, but they match per-
fectly well with our new background fits (black curves). Then,
we redo the DAMPE fit by taking out the peak bin and obtain
x2/d.o.f. =10.1/23 = 0.440, which becomes smaller by more than
a factor 2 than before. We see that the total x2 = 10.1 decreases
from the reproduced DAMPE fit of x2 = 22.5 by a large amount
Ax? =12.4, while the fitting degrees of freedom (d.o.f.) is changed
by just one. Next, we further redo the DAMPE fit by taking out
both the peak bin and the 5 red bins. This is the same as our
fit-B where we treat both the 5 red bins and the peak bin as sig-
nals. As shown earlier, our fit-B gives x2/d.o.f. =3.48/18 = 0.193,
which is smaller than the reproduced DAMPE fit of yx?2/d.o.f.(=
22.5/24 =0.939) by a factor 4.9 (with Ax2 ~19.0), and is smaller
than the above fit of excluding the peak bin only and treating
the 5 red bins as backgrounds (x2/d.o.f. = 10.1/23 = 0.440) by
a factor of 2.3 (with Ax? ~ 6.63). The reproduced DAMPE fit of
naively treating both the peak bin and the 5 red bins as back-
grounds has x2/d.o.f. =22.5/24 = 0.939, which is also larger than
our fit-A (x2/d.o.f. =3.95/23 = 0.172) by a factor of 5.5, and has
Ax%~18.6.

The DAMPE detector is expected to run up to 5-6years or even
longer and will accumulate about four times of the current data
set [8,9], which will reduce the statistical errors by half. Hence,
assuming the same central values as the present, we redo fit-
A for future DAMPE running up to 6years, which will be called
fit-C hereafter. We find that the quality of our fit-C will become
x2/d.of = 5.93/23 = 0.258, while the naive fit of treating all
bins over 25GeV-2.6TeV as backgrounds will have x2/d.o.f =
62.4/29 = 2.15, which is higher than our fit-C by a large factor 8.3.
Here this naive fit has a large total x% = 62.4, and is higher than
our fit-C by a big amount Ax? = 56.5. Hence, the future DAMPE
runs up to 6years will much help to pin down the new excess over
(0.6-1.1)TeV in addition to the 1.4TeV peak structure.

Fig. 1 presents the fit-A of the background bins (black color) as
the black dashed curve, where we use the double-broken power-
law formula (2.1) and set all parameters to their best fit values.
This new background curve is fairly smooth and has better quality
than the naive fit of treating all bins as backgrounds (cf. the green
dashed curve in Fig. 1), as explained above. It also makes the two
bottom bins on both sides of the peak bin appear fully natural and
match very well with our background curve. Fig. 1 shows that above
the background curve of fit-A, the DAMPE data exhibit two distinc-
tive excess structures: (i) one is the previously noticed peak excess
at (1.3-1.5)TeV (= 30) marked by blue color; and (ii) another is
the non-peak-like new excess in the (0.6-1.1)TeV region (marked
in red color and 220 in every red bin).

According to the fit-A background curve in Fig. 1, we find
that the 5 red bins contain a total background event number
Ny =1242.3 and a total signal event number Ng = 285.7, while
the blue peak bin contains 50.0 background events and 43.0 sig-
nal events. Hence, the 5 red bins have a much larger signal event
number than the peak bin. With these, we can estimate the lo-
cal signal significance of the 5 red bins and the peak bin with the
combined experimental errors, where the statistical error always
dominates over the systematical error in each bin [9]. In each sin-
gle bin, we may compute the signal significance Zj = st/ANj,
where ANj is the combined error for the jth-bin. For the 5 red

bins, we may estimate their total significance Z, = (3 jZ]?)” 2,

Using the fit-A background curve, we find that the peak bin has a
local signal significance of 4.10, and the 5 red bins has a signal
significance of 6.60. In our fit-A, the second break parameter has
the best fit E, , =471GeV, and the upper limit E_ ., =738 GeV at
90% C.L. If we set E , =738 GeV, we obtain x2/d.of =6.66/23 =
0.289. So we see that the fit quality becomes worse than the best
fit at E,, = 471GeV (with x2/d.o.f. =3.95/23 = 0.146). In this
case, the 5 red bins contain the background and signal events
(Ng, Ng) = (1409.9, 118.1), while the blue peak bin has 51.7 back-
ground events and 41.3 signal events. So the 5 red bins have a
signal significance of 2.90, while the peak bin has a signal sig-
nificance of 4.00. This analysis shows that statistically fluctuating
the break parameter E, ., from the best-fit value to its 90% up-
per limit has little effect on the signal/background estimate in the
peak bin, but it can significantly affect the signal versus back-
ground division in the 5 red bins. This is expected because the
peak excess falls into a single narrow bin which is insensitive to
the background shape, while the 5 red bins behave as a non-peak-
like excess and are quite sensitive to the shape of the background
curve. Nevertheless, it is impressive to note that even for a large
value E, , =738 GeV (90% C.L.), the signal significance still reaches
30 level for the 5 red bins. We further verified that our fit-B also
exhibits the similar features. Namely, for the best fit values of fit-
B, the peak excess has a significance of 4.10 and the new excess
(5 red bins) has a significance of 6.00; when we statistically fluc-
tuate E, to its 90% upper limit, the significance of peak excess
slightly reduces to 3.90, while the new excess still has a 3.00 sig-
nificance.

For further comparison, we summarize in Table 1 the results of
our background fits (A, B, C) as well as the naive background fit.
It shows that excluding the peak bin (1.3-1.5)TeV from the back-
ground fits (3rd column) always reduces the x2 and x?2/d.o.f. by a
factor =2, as compared to the naive background fits (2nd column).
By treating both the 5 red bins and peak bin as signal excesses, the
quality of our background (BKG) fits (4th column) becomes better
by another factor of ~2. In the 5th and 6th columns, we show the
local signal significance of the “Peak Excess” (for blue peak bin)
and “New Excess” (for 5 red bins) based on the best fits of the cor-
responding background fits (A, B, C) in the 4th column; while the
value of significance in each (---) corresponds to statistically fluc-
tuating the break parameter E, , or E,to its 90% upper limit. In
the last row, we present the fit-C for future DAMPE running up to
6years (6y).

Table 1 shows that for our fits (A, B, C), the peak excess has
a local significance (4.10,4.10,7.30), and setting the break pa-
rameter E,, or E_ . be its 90% upper limit only slightly reduces
the significance value as (4.00,3.90,7.20). On the other hand,
we can estimate that the new excess (the 5 red bins) has a sig-
nificance (6.60,6.00,10.80) for fits (A, B, C), while setting the
break parameter be its 90% upper limit significantly reduces the
significance value to (2.90,3.00, 8.20). Hence, although the new
excess is non-peak-like and sensitive to the shape parameter of
the background curve, it is impressive that this new excess still
reaches 30 level with the current DAMPE data [9] even if E,
or E, . statistically fluctuates to its 90% upper limit. Furthermore,
assuming the current central values of the peak bins and 5 red
bins remain, we estimate that the continued DAMPE running up to
6 years will raise the significance of the (peak, non-peak) excesses
to (7.30,10.80); while when the break parameter fluctuates to its
90% upper limit, the expected future significance of (peak, non-
peak) excesses will become (7.20,8.20), which are still well be-
yond the 50 level.

In addition, even for the naive background fit including all
bins (2nd column of Table 1), we find the peak bin has a lo-
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Table 1

Comparison of different background (BKG) fits. For the energy range (0.025-2.6)TeV, we use the double-broken power-law formula (2.1) for fit, while for the range
(0.055-2.6) TeV, we apply the single-broken power-law formula (2.3) for fit. In the 2nd column, “Naive BKG Fit” includes all data bins into the BKG fit. In the 3rd col-
umn, “BKG Fit (no peak bin)” takes out the blue peak bin from the BKG fit. In the 4th column, “Our BKG Fit” takes out both the blue peak bin and the 5 red bins from our
current BKG fit. The last two columns show the local signal significance of “Peak Excess” (for the blue peak bin) and “New Excess” (for the 5 red bins) based on the corre-
sponding BKG fits (A, B, C) in the 4th column; here the significance number in each (---) correspond to statistically fluctuating the break parameter E,, or E, . to its 90%
upper limit. In the last row, we make fit-C for future DAMPE running up to 6years (6y). This comparison well motivates treating the peak bin and 5 red bins as new sig-
nals beyond the BKG fits. Even in the Naive BKG Fit, we find that the peak bin has a local significance of (3.5¢,3.30,3.30) for the energy regions (0.025-4.6, 0.025-2.6,
0.055-2.6) TeV, which agrees to the literature [20]; while with this Naive BKG Fit we find that the DAMPE 6-year running increases the peak significance to (6.20,6.00,5.90),

which will well justify (or exclude) the peak excess as new signal.

Energy Region x2/d.olf.

Signal Significance

(Tev) Naive BKG Fit BKG Fit (no peak bin) Our BKG Fit Peak Excess New Excess
0.025-2.6 22.8/29 =0.785 10.3/28 = 0.369 3.95/23 = 0.172 (fit-A) 410 (4.00) 6.60 (2.90)
0.055-2.6 22.5/24 =0.939 10.1/23 =0.440 3.48/18 = 0.193 (fit-B) 410 (3.90) 6.00 (3.00)
0.025-2.6 (for 6y) 62.4/29 =2.15 23.2/28 =0.829 5.93/23 = 0.258 (fit-C) 730 (7.20) 10.80 (8.20)
cal significance of (3.50,3.30,3.30) for fitting the energy re- The e* flux from muon decay is given by Q.= Nu%ddTr, as
e

gions (0.025-4.6, 0.025-2.6, 0.055-2.6)TeV, which agrees to the
literature [20] and is slightly lower than the peak significance
(4.40,4.10,4.10) given by our fits (A/, A, B). For the future
DAMPE running up to 6years, we find that the naive background
fit gives the increased peak significance (6.20,6.00,5.90) for the
three energy ranges above, which are well beyond the 50 level
and will justify (or exclude) the peak excess as new signal.

In summary, the above analysis and comparison convincingly
show that treating both the 5 red bins and the peak bin as signals
will significantly improve the quality of the background fits, hence
this analysis is well motivated and instructive. Our analysis (fit-C)
further demonstrates that the improved sensitivity by the future
DAMPE runs will much help to pin down both the new excess and
the 1.4TeV peak structure.

In passing, we note that this non-peak-like new excess over
(0.6-1.1)TeV is consistent with the recent data of another satel-
lite experiment Fermi-LAT [6] (cf. the Fermi-LAT data points shown
in Fig. 2 of Ref. [9] for comparison). In the high energy region
(E > 1TeV), the energy resolution of Fermi-LAT is about 20% and is
much larger than that of DAMPE [(1-2)%]. The Fermi-LAT data have
larger errors for E > 1TeV, and are still consistent with DAMPE
data in this energy region, although the Fermi-LAT data points do
not yet exhibit a peak structure around (1.3-1.5)TeV due to much
lower energy resolution. The HESS data [3] have similar behavior
as DAMPE (cf. Fig. 2 of Ref. [9]), but with much larger systematical
errors.

Before concluding this section, we stress that our above new
observation and fits (Fig. 1 and Table 1) are very suggestive and
encouraging. It intrigues us to conjecture that this non-peak-like
new excess over (0.6-1.1)TeV may be interconnected with the peak
structure around 1.4TeV. In the next section, we shall propose a
new origin to explain this intriguing non-peak-like structure.

3. Decays of muon composition for new excess

Inspecting the non-peak-like new excess over the energy range
(0.6-1.1)TeV of Fig. 1, we conjecture that it originates from the
decays of 1.5TeV muons. These muon events were produced at
the same time when the 1.5TeV e* events were generated, say,
during the DM annihilations in a nearby clump or subhalo. Once
uT events are produced, they will decay predominantly into e*
via the 3-body channel with almost 100% branching fraction [21],

n — evpv,. A flying muon with 15TeV energy has a lifetime
about 0.031s and could only travel about 9.3 x 108 m. This dis-
tance is negligible when compared to the nearby potential DM
sources (typically within ~1 kpc distance from the earth [10]). All
the u* events would convert into e* events, long before they pos-
sibly reach the DAMPE detector.

a product of the muon event number N, and the normalized et
spectrum, which we compute as follows,

1dr 4 (5 3E E;
TdE. ~ E, \12 4E2 ~ 3E |

(3.1)

for E,, E, > m,,m,. The E; weighted e energy spectrum is
shown as the red solid curve in Fig. 2(a). In this plot, we use the
exact decay formula for computation and find no visible difference
from using the above Eq. (3.1). The major contribution to ngbe ap-
pears around (0.6-1.1) TeV which well match the new excess region
we identified in Sec. 2. Hence, the 1.5TeV muon decay products of
et are truly promising to explain this new excess.

The t* lepton can decay into e* via two channels, the sin-
gle 3-body-decay 7 — eV,v, and the chain decay v — uv, v, —
(e VeV, )V, V. Since each decay process is mediated by the W+
bosons with exactly the same gauge coupling and the lepton
masses are negligible as compared to the initial lepton energy
1.5TeV, the decay T — e D,v, has almost the same e* spectrum
as the muon decay. The major difference comes from their de-
cay branching fractions [21], Br[t — eD,v, ]2~ 100% and Br[t —
ev,v;1~17.83% >~ 1/5.6. In Fig. 2(a), we present the e* spectrum
from the 3-body-decays of muon by the red solid curve and that
of tau by the blue dashed curve. Also, the decay 7 — Uy, Ve has a
branching fraction 17.4%. For the chain decay, the e* comes from
the secondary decay product u* and thus has much lower en-
ergy. Consequently, its contribution to E?@e is highly suppressed,
as shown by the black dotted curve in Fig. 2(a). Hence, the ma-
jor contribution of tau decay comes from T — e v,v,, which has a
similar electron energy distribution to that of the muon decay, but
with a suppression factor ~ %. This means that the decay contri-
butions of muon and tau to the DAMPE CRE spectrum are highly
degenerate. For the given (i, T) event numbers (N, N¢), their
total contribution is equivalent to (N, + %NT) number of muon
decay events. So the decay contribution of a possible tau compo-
nent to the CRE spectrum is minor. The simplest realization is that
all decay contributions arise from the muon events.

For comparison, in Fig. 2(a) we set the number of muon and
tau events be the same as the peak electron events. Although the
peak data in Fig. 1 is much higher than the background curve
(with a difference around 70 units for E§d>e). the decay spec-
trum is much lower. The difference comes from the fact that
the peak bin is around 1.4TeV, but the decay peak is around
1TeV. The weight factor E3 can lead to an enhancement factor
1.4 ~ 2.7 in the plot. Furthermore, the electron excess around
1.4TeV is distributed within a single bin, while the decay spec-
trum spreads a much wider region. Hence, to explain this new
excess requires much more u* events than the e* events in the
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the blue dashed curve shows the electron energy distribution from tau decay T — e v, v,, and the black dotted curve presents the electron energy distribution from the tau
decay-chain 7 — u 1’)“ v = e, v, Du v;. Plot-(b): Fitting the background spectrum (black bins) together with the non-peak excess (red bins) by including decays of the

1.5TeV muon composition, shown by the red dashed curve.

peak bin. Adding the muon decay spectrum to the background of
fit-A, ®, = Ppkg + ,,_,,, we fit all data points and obtain the
thermally averaged annihilation cross section for muon produc-
tion (ov), =1.47 x 1072 cm?/s; while for the annihilation into
electrons, we have (ov), =1.72 x 10726 cm?/s. The ratio of cross
sections between the decayed muons and the peak electrons is
y={ov),/{ov),~8.6. We present our new fit of including the
muon decay contribution as the red dashed curve in Fig. 2(b). Im-
pressively, it demonstrates that including the muon decay events
can fully explain this non-peak-like new excess in the energy re-
gion (0.6-1.1)TeV. If we set the second break parameter be its 90%
upper limit E, , = 738 GeV, we find that this ratio decreases to
y = 2.6. This is because a larger E,, value tends to reduce the
area between the background curve and the 5 red bins. When tak-
ing 90% lower limit E_, = 379 GeV, we obtain y = 10.8. Thus, we
have y =2.6-10.8 at 90%C.L., and we further derive y = 8.63:‘5l
with the 10 errors.

4. Origin of the flavor structure for the CRE excesses at DAMPE

When cosmic-ray electrons/positrons (CRE) travel across the in-
terstellar space, they would experience diffusion and energy loss.
This process can be described by the following diffusion equation,
0, _ d[b(E)®,]

at oE

where @, (E,, t, x) is the number density function of the e* energy
and the spacetime coordinates. The energy loss, b(E) = —dE/dt,
can be parametrized as b(E) = b, (E/GeV)? with b, = 10716 GeV/s.
The diffusion coefficient is D(E) = Do(E/GeV)®, where D,
11pc?/kyr and § = 0.7. The right-hand-side of the above Eq. (4.1)
is the e* source function, Q (X, E¢) p)z( (x) (ov)dN/dE., where
Py (X) is the DM density distribution and dN/dE, is the e* en-
ergy spectrum from the DM annihilation. Our calculation takes
the spherically symmetric NFW density profile [22] p, (1) =
os(r/r) V(1 + r/rs)V*3 for a nearby DM subhalo.

The diffusion function (4.1) can be solved with Green function
[23],

—D(E)v?®,=Q, 4.1)

exp[—[x — x[2/2?]

G(X, E;xg, Eg) = bEYTADE

(4.2)

where E; is the electron/positron energy at source and E the
counterpart after diffusion. The propagation scale A is given by
22 = 4fdeE’D(E’)/b(E’). Then, the solution of Eq. (4.1) can be ex-
pressed as

P, (E,) = /‘d3xs/dES G(X,E.; X, E))Q (x,, E). (4.3)

To explain the narrow peak around (1.3-1.5)TeV, the energy
loss cannot be large. This can be achieved if the DM subhalo is
close to the earth. For illustration, we choose y = 0.5, the subhalo
radius r; = 0.1kpc, and the subhalo distance d; = 0.2kpc. Conse-
quently, the mono-energetic e* peak at 1.5TeV slightly spreads to
lower energy and lies mainly within the peak bin (1.3-1.5)TeV,
which is shown by the blue solid curve in Fig. 3. As we men-
tioned earlier in Sec. 3, the 1.5TeV u* events have a lifetime about
0.031s, so they will decay into e* shortly after their production at
the source. We have further considered the diffusion effect for the
muon decay contribution. This is included in the red dashed curve
in Fig. 2(b) and Fig. 3. We note that in Fig. 2(a) the 1.5TeV muon
decay distribution of E§¢,He is shifted towards lower energy and
exhibits a peak around 1.1 TeV.

In Fig. 3, based upon our background fit-A (black dashed curve),
we perform a combined fit to the new excess over (0.6-1.1)TeV
and the peak excess at (1.3-1.5)TeV, where the red curve shows
the muon decay contribution alone and the blue curve depicts the
summed contribution from both the 15TeV u* and 1.5TeV e*
events. In this combined fit, we obtain x? = 16.5 with d.o.f. =27,
and thus x2/d.of. = 16.5/27 ~ 0.609. As expected, this has a
lower x? and better fitting quality than the naive fit of all bins
in the same energy region (0.025-2.6) TeV which gives x2/d.o.f. =
22.8/29 = 0.785 (Table 1) and increases x2 by Ax?2 =6.3. Our
combined fit is also better than another naive fit over the range
(0.055-2.6) TeV, which has x2/d.o.f.=22.5/24 =0.939 (Table 1).

From the analysis in Fig. 2 and Fig. 3, we find that the origi-
nal lepton final state produced at a nearby source should have the
flavor composition ratio,

1
Ne:<NM+6Nr):1:y, (4.4)

with y =8.6712, or, y = 2.6-10.8 at 90% C.L. Note that the T com-

ponent could only play a minor role here due to the suppression
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Fig. 3. CRE spectrum for DAMPE: including both the decay contributions of 1.4TeV uF composition (blue curve) together with the 1.4TeV eT peak-like contribution (green

curve), in addition to the pure backgrounds (fitted by the black curve).

factor ~% by its small decay branching fraction of T — ev,v,.
The simplest realization of this flavor composition condition is
Ne:Ny:Ny=1:y:0.

The above flavor composition condition will place important
constraint on the lepton-related DM model buildings. For instance,
for the typical lepton portal DM models [10,24], the DM can be
either a fermion or scalar. In the first case, a neutral singlet Dirac
fermion y can serve as DM and couples to a scalar mediator S and
the right-handed charged lepton £, i

L, DS X lg; +hec. (4.5)

where t;=epu 7.1n the second case, the DM particle X is a neu-
tral complex singlet scalar and the mediator ¢ is a Dirac fermion
with the same electric charge and lepton number as the charged
leptons. The Lagrangian contains the relevant interaction vertex

Ly D ijw_Usz +h.c (4.6)

Thus, in the above models, the DM annihilation y y — Ejﬁj or
XX — Ejﬁj goes through the t-channel exchange of S]. or ij. The

annihilation cross section is proportional to )\‘}. Thus, our simplest
realization of the flavor composition condition gives Ne : Ny, : Ny =
Ag Ay A =1:y:0, with y =2.6-10.8 at 90%CL. This means
that the DM coupling to T leptons is forbidden. Thus, we deduce
a simple coupling relation, 2, : 4, : 4, =1 :y% : 0, with y}t ~
1.3-1.8. More generally, we have the following coupling condition,

1

1 4 1
xe:<x,‘§+gx‘,‘) =1:y1, (4.7)

where yéll =1.3-1.8 (90%C.L.) is a fairly narrow range. If a u — 7t
flavor symmetry requires A, = 2., then we find that Eq. (4.7) fur-

. . . 1 .1
ther leads to a simple coupling constraint, A, : 4, A, =1:y% :y3,

1
with 51}1 = <gy) * ~1.2-1.7. Further applications to the DM model
buildings are encouraging and will be pursued elsewhere.

5. Conclusions

The new announcement of detecting the TeV cosmic-ray elec-
trons/positrons (CRE) by the DAMPE collaboration [9] has brought
up further excitements for probing the nearby galactic sources and
possible dark matter (DM) annihilations.

In Section 2, we carefully inspected the DAMPE CRE energy
spectrum [9] and uncovered a new hidden excess of non-peak-like
structure over the region (0.6-1.1)TeV, which is shown by the 5
red bins in Fig. 1. This non-peak-like new excess is significant as
compared to the well-noticed peak excess around 1.4 TeV. We per-
formed various fits of the background bins in Fig. 1 by using either
the double broken power-law formula (2.1) or the single broken
power-law formula (2.3) (adopted by the DAMPE group [9]). We
treat the new excess (5 red bins) and the peak excess (blue bin)
as signals and fit the rest of data points (black bins) for the back-
ground curve. We found that these new fits have much improved
qualify of x? fitting as compared to the naive fit of treating all bins
as the backgrounds. A summary of our background fitting analysis
is presented in Table 1. This demonstrates that our background fits
are well motivated and instructive.

In Section 3, given the encouraging observation in Fig. 1, we
proposed a new mechanism to explain this non-peak-like new ex-
cess. We conjectured that this new excess originates from decays
of the final state u* (and t*) produced by the 1.5TeV DM an-
nihilations (or other mechanism), in addition to the final state e*
which explain the peak excess. We analyzed the e* energy dis-
tributions from both muon and tau decays. We found that muon
decays always give the dominant contribution, as shown by the red
solid curve in Fig. 2(a). Then, we included the muon decay contri-
bution into the fit of the DAMPE CRE spectrum, and demonstrated
that this can fully explain the new excess over the (0.6-1.1)TeV
energy region, as shown in Fig. 2(b).

In Section 4, we further performed a combined fit to the
DAMPE CRE spectrum by including both the decay contribution
from the 1.5TeV u* events and the peak contribution from the
1.5TeV e* events. For illustration, we included the diffusion ef-
fects on the CRE spectrum after the produced e* events propagate
from a nearby galactic source at a distance of about 0.2 kpc to the
DAMPE detector. We presented our fit to the full CRE spectrum in-
cluding the decay and peak contributions together in Fig. 3. This
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impressively explains both the non-peak-like new excess over the
(0.6-1.1)TeV region and the peak excess at (1.3-1.5) TeV.

Our analysis demonstrated that the flavor structure of the orig-
inal lepton final-state produced by the DM annihilations (or other
mechanism) in a nearby clump or subhalo should have a flavor
composition ratio N : (N, + %Nr) =1:y with y = 8.65:;‘ or
y >~ 2.6-10.8 at 90%C.L. For lepton portal DM models, this im-
poses a nontrivial bound on the lepton-DM-mediator couplings A, :
O+ ék‘r‘)}l —1:y4, with a narrow range y# ~ 1.3-1.8 (90%C.L.).
Such constraints are important for the DM model buildings.

We further note that this non-peak-like new excess over
(0.6-1.1)TeV is also consistent with the recent data of another
satellite experiment Fermi-LAT [6] (which are shown in Fig. 2
of Ref. [9] for comparison). Although confirming the new excess
and/or the tentative 1.4TeV peak structure would require more
data-taking from DAMPE and other CRE experiments, these en-
couraging clues are important and deserve further investigations.
It is worth to stress that the continued DAMPE runs up to 6 years
will reduce the statistical errors by half and help to pin down the
new excess over (0.6-1.1)TeV in addition to the 1.4 TeV peak struc-
ture, as shown in Table 1.
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