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2 Kepler Center for Astro and Particle Physics, University of Tübingen, Germany
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Abstract. The enhancement in the dilepton spectrum observed in heavy-ion collisions for invariant electron-
positron masses in the range 0.15 GeV < Me+e− < 0.6 GeV has recently been traced back to a correspond-
ing enhancement in np collisions relative to pp collisions. Whereas the dilepton spectra in the latter are
understood quantitatively, theoretical descriptions fail to describe the much higher dilepton rate in np
collisions at beam energies below 2 GeV, in particular regarding the region Me+e− > 0.3 GeV. We show
that the missing strength can be attributed to ρ0-channel π+π− production, which is dominated by the
t-channel ΔΔ excitation and the recently found isoscalar dibaryonic resonance structure at 2.37 GeV. These
processes do not contribute in pp collisions, but only in np collisions.

1 Introduction

Dilepton spectroscopy has been established as a valuable
tool to explore the conditions of matter at high tempera-
ture and high density. Such extreme conditions as found
in stars or in the early universe can be probed by relativis-
tic heavy-ion collisions. In measurements of such collision
processes a significant excess of lepton pairs over the the-
oretically expected rate has been observed in the mass
region between the pion mass and the ω mass and inter-
preted as a possible sign of medium modifications. How-
ever, at lower beam energies of (1–2)GeV per nucleon still
such an enhancement has been observed.

To address this problem the Dilepton Spectrometer
(DLS) Collaboration was the first to investigate the under-
lying basic reactions by studying the dilepton production
in pp and pn collisions —the latter by use of dp collisions.
As a result they found that an enhancement persists even
for beam energies as low as 1GeV (“DLS puzzle”) [1,2]. In
recent measurements of dilepton pairs produced in C+C,
p + n and p + p collisions at HADES the enhancement
observed in heavy-ion collisions could be traced back to
such a one in pn relative to pp collisions processes [3].
A number of theoretical calculations have been success-
ful in explaining the dilepton spectrum originating from
pp collisions. They also succeeded in predicting a signifi-
cantly higher dilepton rate for pn collisions. However, they
all underpredict the pn-induced dilepton production for
Me+e− > 0.3GeV by up to an order of magnitude [4–7] at
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beam energies below 2GeV, though ref. [4] can cure much
of the disagreement by introduction of a pion electromag-
netic form factor.

In these calculations the following lepton-pair produc-
tion processes have been taken into account:
– pion Dalitz decay π0 → e+e−γ;
– η Dalitz decay η → e+e−γ;
– leptonic vector meson decay ρ/ω → e+e−;
– virtual bremsstrahlung NN → NNe+e− and
– baryon resonance decay R → Ne+e−, predominantly

Δ → Ne+e−.
The bremsstrahlung calculations of ref. [8] overshoot

the HADES data for pp collisions. For the np case they
overshoot the data for Me+e− < 0.3GeV and underpredict
them above.

At sufficiently high incident energies both colliding nu-
cleons may get excited. So in addition to the configuration
NR, where R denotes a nucleon in one of its excited states
(resonance), we may have combinations of the form RR′.
The lowest-lying such configuration is ΔΔ. In the follow-
ing we will concentrate on the beam energy 1.25GeV,
where high-precision HADES data are available. As we
will argue below the only relevant RR′ configuration there
is ΔΔ.

At the energies of interest here, single-pion production
in NN collisions is by far the largest inelastic channel. It
is dominated by t-channel meson exchange in combination
with the excitation of one of the nucleons into the Δ(1232)
resonance — or to a lesser extent to the Roper resonance
N∗(1440) with subsequent decay into the πN system.
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In the description of the dilepton spectra two-pion pro-
duction has not been taken into account in most of the pre-
vious works, since its cross section is smaller by an order
of magnitude. However, as we will show in the following,
due to the relatively large decay branch ρ0 → e+e− the ρ
production in the ΔΔ-channel contributes significantly to
the electron-positron spectrum for Me+e− ≥ 0.3GeV.

In ref. [5] two-pion production has been accounted for
in a global manner. Here we proceed differently. Since the
two-pion channels have been investigated experimentally
meanwhile by exclusive and kinematically complete mea-
surements, we know the dominating two-pion production
mechanisms in dependence of the energy in detail. In par-
ticular, we are able to perform an isospin decomposition of
experimental cross sections and underlying reaction mech-
anisms, in order to separate their contributions to pp- and
pn-induced dilepton production.

2 Two-pion production

In recent years the two-pion production in pp and pn col-
lisions has been measured by exclusive and kinematically
complete experiments over the energy region from thresh-
old up to Tlab = 1.4GeV [9–23].

It has been shown that the pp-induced two-pion pro-
duction process is dominated by t-channel Roper and ΔΔ
excitation [9–19,24,25]. In the latter both nucleons are
mutually excited to the Δ resonance by t-channel meson
exchange in the collision process. The Roper excitation
process dominates at beam energies close to threshold
below 1GeV, whereas the ΔΔ process takes over above
1GeV. Hence in the following we will focus on the latter
two-pion production process. And since the HADES ex-
periment has been carried out at Tp = 1.25GeV, we will
concentrate on this energy.

Also, in pn-induced two-pion production the recently
discovered dibaryon resonance structure d∗ with I(JP ) =
0(3+), M = 2.37GeV and Γ = 70MeV strongly con-
tributes at energies around 1.2GeV due to its decay
d∗ → ΔΔ → NNππ [20–23,26].

The total inclusive cross section for pp-induced π+π−

production at Tp = 1.25GeV is about 700μb and for np-
induced π+π− production it is about 1300μb. The lat-
ter contains not only the npπ+π−-channel, but also the
double-pionic fusion channel dπ+π−.

The only sizeable way two-pion production may feed
the electron-pair production is via π+π− → ρ0 → e+e−

with the isovector π+π− pair being in relative p-wave (ρ-
channel).

In order to filter out the ρ-channel π+π− production
from the known two-pion production cross sections, we
make use of the isospin decomposition of these cross sec-
tions in terms of matrix elements MIf

NN IππIi
NN

, where Iππ

stands for the isospin of the pion pair and Ii
NN and If

NN
for the isospin of the nucleon pair in initial and final states,
respectively [27,28,13].

For a specific process these matrix elements depend
on the isospin coupling coefficients. For the ΔΔ process

the matrix elements are proportional to the respective 9j-
symbol for isospin recoupling:

MΔΔ
If

NN IππIi
NN

∼ ˆIΔ1
ˆIΔ2

ˆINN
ˆIππ

⎧
⎨

⎩

IN1 Iπ1 IΔ1

IN2 Iπ2 IΔ2

INN Iππ IΔΔ

⎫
⎬

⎭
, (1)

where Ni and πi couple to Δi for i = 1, 2 and Îα =√
2Iα + 1.

In pp-initiated two-pion production only M111 gives
rise to ρ0-channel production. However, MΔΔ

111 ≡ 0 for the
ΔΔ process, since the corresponding 9j-symbol in eq. (1)
vanishes. Hence there is no contribution from ΔΔ excita-
tion to ρ0-channel production. Therefore, the Pluto [29]
generated cocktail for the description of the pp dilepton
production as given in ref. [3] stays unchanged.

The situation changes dramatically in case of pn-
initiated ρ0-channel production, since here we indeed do
have large contributions from the ΔΔ process. According
to refs. [27,28] we have for the pn-initiated π+π− produc-
tion:

σ(pn → pnπ+π−) =
1
60

∣
∣
∣
√

5M101 − M121

∣
∣
∣
2

+
1
8
|M011|2 +

1
24

|M110|2

+
1
12

|M000|2 (2)

and since Id = 0

σ(pn → dπ+π−) =
1
8
|M011|2 +

1
12

|M000|2. (3)

For dilepton production via ρ0 production only matrix
elements with Iππ = 1 contribute. Selecting in addition
the ΔΔ process we end up with

σ
(
pn→ΔΔ→pn[π+π−]I=1

)
=

1
8
|MΔΔ

011 |2+
1
24

|MΔΔ
110 |2

(4)
and

σ
(
pn → ΔΔ → d[π+π−]I=1

)
=

1
8
|MΔΔ

011 |2. (5)

With the relations

MΔΔ
011 =

√
5
12

MΔΔ
110 =

√
15
2

MΔΔ
121 , (6)

obtained by angular momentum recoupling according to
eq. (1), this leads to

σ
(
pn → ΔΔ → pn[π+π−]I=1

)
=

27
16

∣
∣MΔΔ

121

∣
∣2

=
45
4

σ
(
pp → ΔΔ → nnπ+π+

)
, (7)

since [27,28]

σ(pp → nnπ+π+) =
3
20

|M121|2. (8)
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The analysis of the pp → nnπ+π+ reaction gives about
15μb [16] for this cross section at Tp = 1.25GeV, which
results in

σ(pn → ΔΔ → pn[π+π−]I=1) ≈ 170μb. (9)

This value roughly corresponds to one fourth of the
full ΔΔ production in the pn → pnπ+π− reaction [24].

In case the final pn pair fuses to a deuteron we also ob-
tain ρ0-channel production, which is related to the mea-
sured π+π0 (ρ+-channel) production in pp collisions by
the isospin relation [22]

σ
(
pn → d[π+π−]I=1

)
=

1
2
σ

(
pp → dπ+π0

)
≈ 100μb.

(10)
In addition, the ρ0-channel production in pn-initiated

two-pion production is fed by excitation and decay of the
d∗-resonance. Since its decay proceeds again via the ΔΔ
system in the intermediate step, we can use the isospin
relation for the ΔΔ system —utilizing again eq. (1)—

MΔΔ
110 = −

√
1
2
MΔΔ

000 , (11)

in order to connect the pn[π+π−]I=1 decay channel with
the pnπ0π0-channel. Isospin-decomposed we have [27,28]

σ
(
pn → pnπ0π0

)
=

1
30

∣
∣
∣
∣
∣

√
5

2
M101 + M121

∣
∣
∣
∣
∣

2

+
1
24

|M000|2

(12)
and, for Ii

NN = Id∗ = 0,

σ
(
pn → d∗ → dπ0π0

)
=

1
24

|M000|2. (13)

At the resonance maximum at
√

s = 2.37GeV this
cross section is about 240 μb, however, at

√
s = 2.42GeV

(Tp = 1.25GeV) it is already as low as 90μb. According
to the predictions in refs. [30,31] the resonance effect in
the pnπ0π0-channel should be 85% of that in the dπ0π0-
channel, i.e. about 80μb. Together with eqs. (2), (11)
and (13) and the condition Ii

NN = Id∗ = 0 this results in

σ(pn → d∗ → pn[π+π−]I=1) =
1
24

|MΔΔ
110 (d∗)|2

=
1
48

|MΔΔ
000 (d∗)|2

=
1
2
σ

(
pn → d∗ → pnπ0π0

)

≈ 40μb. (14)

A cross-check of this number is provided by a recent
measurement [23] of the ppπ0π−-channel, since again by
isospin relations we have [23,27,28],

σ(pn → d∗ → pn[π+π−]I=1) == σ(pn → d∗ → ppπ0π−).
(15)
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Fig. 1. (Color online) Graphs for the e+e− production via
ρ0-channel π+π− production in pn collisions. Top: Produc-
tion via t-channel ΔΔ excitation leading to pn (left) and
deuteron (right) final states. Bottom: Production via s-channel
d∗ formation and its subsequent decay into the ΔΔ system.

Though according to Gal and Garcilazo [32,33] the
d∗ decay into isovector nucleon and pion pairs should be
dynamically suppressed, the measurement of the pn →
d∗ → ppπ0π− reaction and its analysis [23] is compatible
with a resonance cross section as expected by the isospin
relations.

In total we have about 310μb of ρ0-channel π+π−-
production in pn-initiated reactions at Tp = 1.25GeV —
compared to none in pp-initiated reactions. We estimate
this number to be correct within 20%.

3 ρ0-channel e+e− production

To calculate the e+e− production we assume that the two
pions produced in the ΔΔ process undergo final-state in-
teraction by forming a ρ0, which subsequently decays into
a e+e− pair:

pn → ΔΔ → pn[π+π−]I=L=1 → pnρ0 → pne+e−, (16)

see graphs in fig. 1. The intermediate ΔΔ system is formed
either by t-channel meson exchange or by decay of the d∗

resonance with cross sections as evaluated above.
In both processes the Δs are formed side by side and

due to their short lifetime the pions emitted in the Δ
decay will be within their hadronic interaction range and
undergo final-state interaction. From the ππ phaseshifts
we know that the I = L = 1 channel is very well described
by just the ρ resonance, which means that practically all
π+π− pairs produced in this channel in the relevant energy
regime will undergo ρ formation.

For the transition from the [π+π−]I=L=1 system into
the [e+e−]L=0 system by rescattering (final-state interac-
tion in the ρ-channel) we use therefore a Breit-Wigner
ansatz as used already in refs. [34,35]:

∣
∣M(π+π− → ρ0 → e+e−)

∣
∣2 =

m2
ρΓπ+π−Γe+e−

(s − m2
ρ)2 + m2

ρΓ
2
ρ

. (17)

For the p-wave decay into the π+π−-channel we have
Γπ+π− ∼ q3 and for the s-wave decay into the e+e−-
channel we have Γe+e− ∼ k, where q and k are the mo-
menta in π+π− and e+e− subsystems, respectively. In a
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more detailed consideration [35] the partial widths depend
also on the invariant masses Mπ+π− and Me+e− yielding
Γπ+π− = aq3/Mπ+π− and Γe+e− = bk/M3

e+e− . The con-
stants a and b in the partial widths are fixed by adjusting
them to the known branching ratios and widths at the ρ
mass pole [36]. Hence the calculation of process (16) is
straightforward and free of parameters.

The calculations have been carried out by Monte Carlo
(MC) technique as it has been utilized before in refs. [9–
24] for the description of the two-pion channels. Since
the models used for calculating the processes depicted in
fig. 1 have been tuned to reproduce integral and differ-
ential cross sections of the two-pion production measure-
ments [13–17,20–23], this means that in essence we map
the experimental results for ρ-channel two-pion produc-
tion onto the e+e−-channel by means of eq. (17).

4 Results

The numerical results of these MC simulations are dis-
played in fig. 2. Since the HADES np data have not been
taken with a pure neutron beam, but in quasi-free kine-
matics with the impinging neutron residing in the beam
deuteron, the obtained invariant-mass spectra for the np
case are Fermi smeared, which is taken into account in the
simulations. Note that the neutrons’ Fermi motion also
leads to a larger high-mass limit of the measured dilepton
spectrum in the np case compared to the pp case.

At the top panel of fig. 2 we first show the ρ0-channel
π+π− spectrum obtained from the processes discussed in
eqs. (1)–(15), solely scaled by the e+e− branching ra-
tio at the pole of ρ0 (dotted line), i.e. without using
eq. (17). This gives just a very crude qualitative estimate.
A proper quantum mechanical treatment has, of course, to
involve the momentum-dependent transition amplitude in
eq. (17). This then leads to the solid curve. The enhanced
yield of the e+e− spectrum relative to the scaled π+π−

spectrum at low masses is due to the fact that —in ad-
dition to the inverse power dependence on the invariant
mass— the pion pair is in relative p-wave and therefore
suppressed near threshold, whereas the e+e− pair is in rel-
ative s-wave and hence not suppressed. The resulting in-
tegral cross section for the process pn → e+e−X is 72 nb,
which is about a factor of four larger than that from the
crude estimate.

Since we base here the dilepton production due to ρ0-
channel π+π− production on experimental results for the
relevant two-pion production channels, we consider here
only the on-shell situation. However, because the two-
lepton threshold is much lower than the two-pion thresh-
old, also dilepton production via virtual ρ0 formation in
the intermediate state will contribute. Taking this into ac-
count removes the cut in the e+e− spectrum at the π+π−

threshold and replaces it by a smooth continuation as de-
picted, e.g., in fig. 3 of ref. [5]. Hence accounting for this
will fill up the gap below 0.3GeV —possibly overshoot it
even somewhat. We refrain here from doing such a calcu-
lation, since in contrast to the on-shell consideration pur-
sued here the off-shell contribution is model-dependent.
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Fig. 2. (Color online) Distribution of the invariant mass
Me+e− produced in NN collisions at Tp = 1.25GeV. Top:
e+e− production from ρ0 decay resulting from the ΔΔ excita-
tion via on-shell π+π− production according to process (16).
The drawn curves denote the [π+π−]I=J=1 spectrum scaled
by the e+e− branching ratio at the pole of ρ0 (blue dotted),
the resulting e+e− spectrum using the proper momentum-
dependent branching ratio (red solid) and the resulting e+e−

spectrum within the HADES acceptance (cyan dashed). Mid-
dle: Full e+e− production in pn collisions. The open circles
give the HADES result [3]. Thin solid lines denote calcula-
tions for e+e− production originating from π0 production and
bremsstrahlung (black), single Δ (VMD form factor, red) and
η (green) production with subsequent Dalitz decay. The dotted
curve denotes the sum of these processes. The dashed (cyan)
curve gives the contribution from the ρ0-channel π+π− pro-
duction and the thick solid line the sum of all these processes.
Bottom: The same as above, but for pp collisions.
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Since the HADES detector has limited acceptance, this
has to be taken into account for comparison with the
HADES data. The dashed curve exhibits the final e+e−

production resulting from ρ0-channel π+π− production in
np collisions within the HADES acceptance.

All other conventional processes due to π0, η and Δ
Dalitz decays and bremsstrahlung —mentioned in the
introduction— were simulated using the Pluto genera-
tor [29] and filtered with HADES efficiency-acceptance
filters. Note that in Pluto the bremsstrahlung contribu-
tions are taken according to the prescription of ref. [4],
which leads to a good description of the HADES data for
the pp case in contrast to that of ref. [8].

The calculations are shown in fig. 2(middle), in com-
parison with the HADES data for np-initiated e+e− pro-
duction at Tp = 1.25GeV. The incoherent sum of these
processes resulting from Dalitz decays is denoted by the
dotted curve. It provides a quantitative description of
the data in the region of the π0 peak, i.e. for Me+e− <
0.15GeV. Above, the sum curve under-predicts the data
increasingly with increasing Me+e− values. However, if we
add the e+e− production resulting from ρ0-channel π+π−

production (dashed curve both in top and middle parts
of fig. 2) we obtain a nearly perfect description of the
HADES data.

There appears still a slightly underestimated region
in the range 0.15GeV < Me+e− < 0.3GeV. It possibly
might be related to direct d∗ decay pn → d∗ → de+e−

or pn → d∗ → [pn]I=0e
+e− as suggested in ref. [6]. How-

ever, since we know neither shape nor strength of such a
d∗ form factor in this channel, we cannot estimate such
a contribution reliably. In addition, also the Pluto gener-
ated processes have theoretical uncertainties, which are in
the order of the deviation in question. E.g., when treating
Δ Dalitz and bremsstrahlung coherently, the high-mass
range is affected noticeably [8].

For completeness we show at the bottom of fig. 2 also
our results for the pp-initiated e+e− spectrum in compar-
ison with the corresponding HADES data. Since in this
case — as pointed out in the sect. 2 — there is no con-
tribution from the ΔΔ two-pion production, our results
agree with those shown in ref. [3].

Finally we shortly comment on the dependence of the
e+e− spectrum on the beam energy. The DLS Collabora-
tion has measured the e+e− production in pp and pd colli-
sions at several beam energies between 1.04 and 4.88GeV.
The ratio R = Ypd

Ypp
of integrated yields for Me+e− >

0.15GeV exhibits a peak-like structure with a substantial
rise from R ≈ 6 to R ≈ 9 between Tp = (1.0–1.27)GeV,
falling off thereafter by a factor of roughly three until
Tp = 2GeV. At 2.1GeV the ratio is somewhat above 2
and at 4.9GeV a little bit below 2.

Assuming the pd collisions to proceed mainly as quasi-
free proton-nucleon collisions, we expect a ratio of R =
2, if pp and pn collisions contribute equal amounts. In
the quasi-free picture the peak region corresponds to
2.3GeV <

√
s < 2.7GeV with the maximum around√

s ≈ 2.4GeV, i.e. just in the region, where both the d∗

resonance formation and the pn → ΔΔ → d[π+π−]I=1

process peak. Whereas the first one with a width of

70MeV fades away below
√

s = 2.3GeV and above
√

s =
2.5GeV, the latter one with a width of about 250MeV [14,
22] declines much slower fading away above

√
s = 2.8GeV,

which corresponds to beam energies beyond 2GeV.
For beam energies beyond 1.5GeV (

√
s = 2.5GeV) we

face substantial contributions from the ρ0 decay of higher-
lying N∗ and Δ resonances, which get excited during the
collision process. These sources contribute to the dilepton
spectra both from pn and pp collisions as demonstrated
by refs. [5,7], who succeed in a quantitative description of
the data for beam energies of 2GeV and beyond.

5 Conclusions

Since the t-channel ΔΔ mechanism is the leading two-pion
production process in NN collisions at beam energies of
1–1.5GeV, it is also the main source for e+e− production
originating from ρ0-channel π+π− production at these en-
ergies. This mechanism, however, contributes only in case
of np collisions and vanishes in case of pp collisions.

It has been shown that the e+e− production resulting
from on-shell ρ0-channel π+π− production gives contribu-
tions to the pn-initiated dilepton spectrum for Me+e− >
2mπ, which account very well for the missing strength in
previous interpretations offering thus a possible solution
of the long-standing DLS puzzle.
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Open Access This is an open access article distributed
under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0), which
permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

References

1. DLS Collaboration (R.J. Porter et al.), Phys. Rev. Lett.
79, 1229 (1997).

2. DLS Collaboration (W.K. Wilson et al.), Phys. Rev. C 57,
1865 (1998).

3. HADES Collaboration (G. Agakichiev et al.), Phys. Lett.
B 690, 118 (2010).

4. R. Shyam, U. Mosel, Phys. Rev. C 82, 062201 (2010).
5. J. Weil, H. van Hees, U. Mosel, Eur. Phys. J. A 48, 111

(2012) 48, 150(E) (2012).
6. B.V. Martemyanov, M.I. Krivoruchenko, Amand Faessler,

Phys. Rev. C 84, 047601 (2011).
7. E.L. Bratkovskaya, J. Aichelin, M. Thomere, S. Vogel, M.

Bleicher, Phys. Rev. C 87, 064907 (2013).
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