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Figure 1: Thermal targets ({pyh? = 0.12 [23]) for the inelastic DM model. We show
various DM mass differences A /m,, = [0,0.05,0.1,0.2,0.3,0.4] (different panels) and var-
ious mediator mass ratios mar/m,, = [2.5,3,4,7,10] (different lines in each panel). For
the line labelled ‘close to resonance’ the mediator mass is set to m 4 = 2.01m,, + A. The
model-independent LEP bound [41] on the kinetic mixing parameter € constrains values
of € & 3 x 1072 away from the Z resonance and hence results in a different limit on y for
differing ratios of m4: /m, .
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Figure 3: Histograms of various observables for our signal (top left: invariant mass of
the lepton pair, top right: opening angle of the lepton pair, bottom left: maximum lepton
energy, bottom right: photon energy). Note that the opening angle is given in the BelleIl
lab frame, whereas the maximum lepton energy and the photon energy are given in the
centre-of-mass frame in this figure and in the text. In the lower right panel, the curves for
A =0.4my, and A = 0.1m,, for ma = 1GeV completely overlap.

Ecms(y) > 0.1 GeV and a maximal rapidity of the photon fme. = 2.028698 in the centre-
of-mass frame.

We point out a number of relevant features:

e The invariant mass of the di-lepton pair must satisfy the requirement mgpi,— < A
and typically peaks at around half of this value.

# The opening angle of the di-lepton pair in the laboratory frame depends sensitively
on the boost (and hence the mass) of ya2, i.e. lighter y2 will have higher boost and

hence lead to smaller opening angles of the di-lepton pair.

o The maximum lepton energy is a combination of the two previous effects, ie. it
increases both with the mass splitting and with the boost of the ya.
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Figure 5: Sensitivity of Bellell to the parameter space of inelastic DM for an integrated
luminosity of 20 fb~! for ma = 3my,.

We make the following observations: For small mass splitting A, corresponding to
large decay length of y2 the bound from BaBar and the projected sensitivity of the mono-
photon search at BelleIl are very similar to the ones obtained for invisibly decaying dark
photons, because the y2 simply escapes from the detector before decaying. As soon as the
decay length of the y2 becomes comparable to the size of the detector, the sensitivity of
these searches is significantly suppressed. Note that the bound does however not disappear
entirely even for very short-lived ys. The reason is that there always is a non-zero prob-
ability that the particles produced in the y2 decay have very little transverse momentum
(i.e. they travel in the direction of the beam pipe) and will not be reconstructed, so that
the event resembles a single-photon event. The BaBar bound that we obtain is therefore
considerably stronger than the one from Ref. [27], where no requirement on the angle a1,
of the vertex is imposed.
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Figure 6: Sensitivity of Bellell to the parameter space of inelastic DM for an integrated
luminosity of 20 fb~! for mar = 2.5m,,.

As expected, the search for displaced decays performs best precisely in the region
of parameter space where the mono-photon signal is suppressed and promises substantial
improvements in particular for large mass splitting A. But even for small mass splitting
there is substantial room for improvement at large DM masses, corresponding to photon
energies that would be too small to be observed in the absence of an additional lepton
pair. Indeed, the sensitivity of the search for displaced decays extends even into the off-
shell region, where m 4, > /5. In this region the energy of the visible photon is no longer
monc-energetic and peaks at E(v) — 0, making the conventional strategy to perform a
bump hunt to search for dark photons impossible. In this region the presence of a displaced
lepton pair is therefore essential.

Figure 7 shows the expected sensitivity for the 2 GeV cluster trigger, the three isolated
clusters trigger, and the displaced vertex trigger separately for an integrated luminosity of



ap =01, me =3m,,, A=01m,,

ap =01, my =3m,, A =005m,,

ol h '_\ﬁ_‘\F,\ o
{10°%
-
10_25 102 ] 10—7 g
E =
-
© @ {1078 %
o
10-2} 1079t {108
b =
L i —10 " Seoitivity of displaced search |y,
== Zeasitivigy of displaced search {10 — 2 GeV cluster trigger 110
— 15V e — Gt
— vertex r [ r
1 . o . : 104 . ; : :
] 1 2 [ ‘E’] 4 5 0 1 2 [ 13] 4 5
my, [Ge m,, [Ge
-t ap =01, my = ﬂmx“ A=02 My, . 1! ap =01 my = 3?7!1,, A= U-‘i'i"ﬂm "
"'\_ﬁ 1o ’# m—— Sepmitivity of displaced search 10
[ ’53' — 2 GeV cluster trigger
{105 mmhmmarxumﬂﬂ {10€
- o
ID—EE {107 g -2 {10°7 g
r T T
E; E;'e
v {107% ‘*g “ 0t =
=]
-1 L -1 T
0% {1072 1 1077 {107% |1
i = =
1 1|]—1EI J 1[|—l[:l
| —4
1075 i P 3 i 5 10
my, [GeV]

Figure T: Sensitivity of the displaced search (same as figure 5, but with linear horizontal
axis), overlaid with the regions where the various triggers are efficient for an integrated
luminosity of 20 fb—! for m4 = 3.0m,,.

20 fb~!. For the smallest values of A the three isolated clusters trigger is inefficient, but
it extends the sensitivity significantly towards higher masses for larger A. The displaced
vertex trigger has the best sensitivity for large values of m,, and small €, whereas the three
isolated clusters trigger adds additional sensitivity for large e. We note that the rather high
pr and large opening angle requirement make the two-track trigger inefficient. Since the
trigger rates of the three isolated clusters trigger are expected to be too high to sustain
this trigger at the ultimate luminosities, we investigate the effects of a factor 10 prescale,
i.e. randomly dropping nine out of ten events kept by this trigger. Figure 8 shows the
expected sensitivity for the different triggers for an integrated luminosity of 50 ab—!. The
sensitivity loss due to this prescale at large values of € is negligible.

Finally, we present our results in a different form in figure 9. Here the mass splitting A
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Figure 8: Sensitivity of the displaced search, overlaid with the regions where the various
triggers are efficient for an integrated luminosity of 50 ab—! for ma = 3.0 My, A =0.1m,,.

is varied explicitly, while the value of m,, is fixed to a different value in each panel. Asin
figure 6 the mass ratio is set to m4, = 2.5m,,. Again, we observe a strong complementarity
between the two different searches. The sensitivity of the mono-photon search decreases
with increasing mass splitting, while the sensitivity of the displaced decay search improves.
Intriguingly, the combination of the two searches will allow to probe the thermal target for
a wide range of DM masses and mass splittings. We note, however, that this conclusion is
specific to the assumed ratio of m,, and mas. For mar = 3m,,, for example, the thermal
target is already partially excluded by the constraint from BaBar (see figure 5).

4 Summary and discussion

The focus of the present work has been on the phenomenology of dark sectors that contain
unstable but long-lived particles. An appealing example for such a dark sector are models
of inelastic DM, in which a mass splitting A between two dark sector states y; and y2
ensures that constraints from the CMB and direct detection experiments are evaded. The
heavier state y2 can have a decay length comparable to the typical size of particle physics
experiments, making this model an interesting benchmark for searches for displaced ver-
tices.

We have investigated the sensitivity of BelleII for the key signature of this model: a
lepton pair originating from a displaced vertex in association with a single photon. We
have identified the most sensitive detector regions and determined selection cuts that sup-
press the relevant backgrounds to a negligible level. We have furthermore calculated the
sensitivity of mono-photon searches at Bellell and BaBar by determining the probability
that y2 escapes from the detector before decaying or that the decay products are too soft
to be observed.



ap =01, my =25m,,, m, =05 GeV

; ap =01, my = 25m,,, m,, = 1.0 GeV
10~

!

0% 1n-E
10 1n—*
= W07 S
0= 0=
E £
1078 = wkE 2
w IR~ E vl N £
----- 100 8 0% 2
m‘\l}
] lﬂ—IEI Il 1[|—II] Il
10~} s Belle 11 mono-y proj. resmled b 1074} s Felle Tl mone-y proj. rescaled =
o Semsitivity of displaced senrch {101 = Sensitivity of displaced search {10~
[ ——— thermal tasget (1 & —0.12) -—— thermal targes (1 A —0.13)
[ = BaBar meno-y limit rescaled -2 E=l BaBor mano-y Emit rescaled -2
[ LEP 1 = LEP 1
w0 : : : : 107 : . : .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Afmy, Afmy,
lu-fft]:r =01, my =25m,, m, 25m,,, m,, = 2.0 GeV
e
-
=
£
,,,,,,,,, wE Z
£
{109 g
m‘\l}
J107
1074, " Belle I mono-y proj. rescaled b 107} w=—= Bells I mono-y proj. resealed =
[ o Semitivity of displaced search 1101 mm Sensitivity of displaced ssarch 1101
[ ——— thermal tasget (1 & —0.12) ——— thesmal targes (! A —0.13)
[ ==l BaBar mono-y limit resmled -2 E=3 BaHor mono-y Hmit rescoled -2
0 LEP 1 = LEP 1
lu—E L . L . L . L L L lu—E L L L L L
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
ﬂJ"&: &fn&I

Figure 9: Sensitivity of Bellell to the parameter space of inelastic DM as a function of
A for an integrated luminosity of 20 fb~! for ma = 2.5 My .

Of course, Bellell is not the only experiment promising to probe deeper into the
parameter space of inelastic DM. In figure 10 we show a comparison of the ultimate reach
of Bellell (assuming an integrated luminosity of 50 ab_l] with the projected sensitivities
of various proposed experiments to search for long-lived particles. Note that most of the
projections shown in figure 10 stem from experiments that are still in early stages of their
development. BelleIl in contrast is already taking data and should be able to provide first
results within the next few years.

We emphasize that we assume A = 0.1m,, in figure 10 simply because this choice
is commonly used in the literature for sensitivity estimates. The sensitivity of BelleIl for
different values of A/m,, are provided in figure 5 for an integrated luminosity of 20 fb—1L.
For larger ratios A/m, , additional decay modes like xy2 —+ x1 +hadrons become important
and the decay length of y2 decreases rapidly. In this case the sensitivity of experiments
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Figure 10: Comparison of our results with various other experiments. The BelleII results
are given for £ = 50ab~': for the displaced search, the number of events is calculated with
£ =50ab !, i.e., assuming that this search is still background-free. For the mono-photon
search, we rescale the previously found sensitivity with the v/L.

like FASER (which requires a decay length of about 500m in the laboratory frame) are
strongly suppressed, while the displaced decay search at Bellell remains sensitive even for
decay lengths below 1 cm. Moreover, the two different signatures discussed in the present
work are highly complementary in the sense that the mono-photon search is most sensitive
for small A, while the displaced vertex search performs best for large A (see figure 9).

As part of this work we have also provided an improved calculation of the thermal
target for inelastic DM, which is indicated by the black dashed line in figure 10. For the
specific parameter combination chosen in this figure, large parts of the thermal target are
already excluded by the mono-photon bound from BaBar. However, we have shown that
this conclusion depends sensitively on the ratio of the DM mass and the dark photon mass
(see figure 1) and that for example for m 4 = 2.5m,, the thermal target is essentially not
probed by existing constraints (see figure 6).

Finally, we point out that the sensitivity of the displaced vertex search at BelleIl
relies crucially on the implementation of suitable triggers. We have identified a number of
existing triggers that can in principle be used to search for displaced lepton pairs, but the
trigger rate may be too high to make use of the full data set. There is hence clear need for
the development of a dedicated displaced vertex trigger. By fully exploiting the potential
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