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FIG. 5. Upper limit (95% C.L.) on the ALP-photon cou-
pling from this analysis and previous constraints from electron
beam-dump experiments and e+e� ! �+invisible [6, 9], pro-
ton beam-dump experiments [8], e+e� ! �� [11], a photon-
beam experiment [12], and heavy-ion collisions [13].

In conclusion, we search for e+e� ! �a, a ! �� in the
ALP mass range 0.2 < ma < 9.7GeV/c2 using Belle II
data corresponding to an integrated luminosity of
445 pb�1. We do not observe any significant excess of
events consistent with the signal process and set 95%C.L.
upper limits on the photon coupling ga�� at the level of
10�3 GeV�1. These limits, the first obtained for the fully
reconstructed three-photon final state, are more restric-
tive than existing limits from LEP-II [11]. In the future,
with increased luminosity, Belle II is expected to improve
the sensitivity to ga�� by more than one order of magni-
tude [6].
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FIG. 5. Upper limit (95% C.L.) on the ALP-photon cou-
pling from this analysis and previous constraints from electron
beam-dump experiments and e+e� ! �+invisible [6, 9], pro-
ton beam-dump experiments [8], e+e� ! �� [11], a photon-
beam experiment [12], and heavy-ion collisions [13].

In conclusion, we search for e+e� ! �a, a ! �� in the
ALP mass range 0.2 < ma < 9.7GeV/c2 using Belle II
data corresponding to an integrated luminosity of
445 pb�1. We do not observe any significant excess of
events consistent with the signal process and set 95%C.L.
upper limits on the photon coupling ga�� at the level of
10�3 GeV�1. These limits, the first obtained for the fully
reconstructed three-photon final state, are more restric-
tive than existing limits from LEP-II [11]. In the future,
with increased luminosity, Belle II is expected to improve
the sensitivity to ga�� by more than one order of magni-
tude [6].
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Nucléaire et de Physique des Particules (IN2P3) du
CNRS (France); BMBF, DFG, HGF, MPG, AvH Foun-
dation, and Deutsche Forschungsgemeinschaft (DFG) un-
der Germany’s Excellence Strategy – EXC2121 “Quan-
tum Universe”’ – 390833306 (Germany); Department of
Atomic Energy and Department of Science and Technol-
ogy (India); Israel Science Foundation grant No. 2476/17
and United States-Israel Binational Science Foundation
grant No. 2016113; Istituto Nazionale di Fisica Nu-
cleare and the research grants BELLE2; Japan Society
for the Promotion of Science, Grant-in-Aid for Scientific
Research grant Nos. 16H03968, 16H03993, 16H06492,
16K05323, 17H01133, 17H05405, 18K03621, 18H03710,
18H05226, 19H00682, 26220706, and 26400255, the Na-
tional Institute of Informatics, and Science Information
NETwork 5 (SINET5), and the Ministry of Education,
Culture, Sports, Science, and Technology (MEXT) of
Japan; National Research Foundation (NRF) of Ko-
rea Grant Nos. 2016R1D1A1B01010135, 2016R1D1A1B-
02012900, 2018R1A2B3003643, 2018R1A6A1A06024970,
2018R1D1A1B07047294, 2019K1A3A7A09033840, and
2019R1I1A3A01058933, Radiation Science Research In-
stitute, Foreign Large-size Research Facility Application
Supporting project, the Global Science Experimental
Data Hub Center of the Korea Institute of Science and
Technology Information and KREONET/GLORIAD;
Universiti Malaya RU grant, Akademi Sains Malaysia
and Ministry of Education Malaysia; Frontiers of
Science Program contracts FOINS-296, CB-221329,
CB-236394, CB-254409, and CB-180023, and SEP-
CINVESTAV research grant 237 (Mexico); the Pol-
ish Ministry of Science and Higher Education and
the National Science Center; the Ministry of Sci-
ence and Higher Education of the Russian Federation,
Agreement 14.W03.31.0026; University of Tabuk re-
search grants S-1440-0321, S-0256-1438, and S-0280-
1439 (Saudi Arabia); Slovenian Research Agency and
research grant Nos. J1-9124 and P1-0135; Agencia Es-
tatal de Investigacion, Spain grant Nos. FPA2014-55613-
P and FPA2017-84445-P, and CIDEGENT/2018/020
of Generalitat Valenciana; Ministry of Science and
Technology and research grant Nos. MOST106-2112-
M-002-005-MY3 and MOST107-2119-M-002-035-MY3,
and the Ministry of Education (Taiwan); Thailand
Center of Excellence in Physics; TUBITAK ULAK-
BIM (Turkey); Ministry of Education and Science of
Ukraine; the US National Science Foundation and re-
search grant Nos. PHY-1807007 and PHY-1913789, and
the US Department of Energy and research grant Nos.

e+e� ! a � ! (��)�
<latexit sha1_base64="y2zvYMlXit3u7USHihtVCp/CU3o="></latexit><latexit sha1_base64="y2zvYMlXit3u7USHihtVCp/CU3o="></latexit><latexit sha1_base64="y2zvYMlXit3u7USHihtVCp/CU3o="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="d5wqkcludDbbfNc/8qoksEdb1rQ="></latexit><latexit sha1_base64="d5wqkcludDbbfNc/8qoksEdb1rQ="></latexit><latexit sha1_base64="OfwF1nVCoe6VAuB5ZMpNA4cMNdw="></latexit><latexit sha1_base64="y2zvYMlXit3u7USHihtVCp/CU3o="></latexit><latexit sha1_base64="y2zvYMlXit3u7USHihtVCp/CU3o="></latexit><latexit sha1_base64="y2zvYMlXit3u7USHihtVCp/CU3o="></latexit><latexit sha1_base64="y2zvYMlXit3u7USHihtVCp/CU3o="></latexit><latexit sha1_base64="y2zvYMlXit3u7USHihtVCp/CU3o="></latexit><latexit sha1_base64="y2zvYMlXit3u7USHihtVCp/CU3o="></latexit>

Belle II 2007.13071

?

Belle II’s first search for light new particles



GAZELLE

 4

What is GAZELLE?

I A proposed far detector for long-lived particle searches at Belle II

[1811.12522], [1901.04040], [1911.00481]

Ruth Schäfer (Heidelberg University) GAZELLE, [2105.12962] May 24
th

’21, LLP9 3 / 14

Approximately Zero-Background Experiment 
for Long-Lived Exotics

the

Study of realistic options for far detectors around Belle II.
arXiv: 2105.12962

LLP

Belle II
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Option B: L-GAZELLE

L-GAZELLE 
B1: 6×16×24 m, centered at x = 35m, y = 2.279m, z = 0m 
B2: 26×16×3 m, centered at x = 19m, y = 2.279m, z = 10.5m

LG-
B1

LG-B2

Update 13.11.2020

+x

+y
Belle II

Collision point ×
LG-
B1

sideview

topview

+zBelle II

Collision point
×

LG-B2

+x

2

Option A: babyGAZELLE

BG

babyGAZELLE 
4×4×4m cube 
centered at x = 10m, y = -3.721m, z = 10m 

Update 26.10.2020
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BG
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sideview

topview
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GZ

+zBelle II
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Design options far detectors

picture: T. Ferber



Search target

 6

Signal

GAZELLE

← Belle II
LLP

← Belle II
LLP

f ∓

f ±

f ∓

f ±

invisible  
or neutral

GAZELLE

Figure 1: Signature of signal events with two charged particles (f± = e
±
, µ

±
,⇡

±
, or K±)

(left) without and (right) with additional neutral particles or invisible particles.

particles (LLPs), due to small couplings and/or small mass splittings in the hidden sector.

The search for such states at colliders is complicated by the fact that for su�ciently long

lifetimes the particles decay outside the active detector volume. In this limit only generic

signatures with missing energy remain.

To achieve a better coverage for such scenarios, adding a so-called far detector at a dis-

tance from the primary interaction point can enhance the sensitivity to long decay lengths

compared to the main detector. At the LHC, this idea has motivated far detectors such as

the recently approved experiment FASER [22] or the proposed experiments CODEX-b [23],

MATHUSLA [24], and ANUBIS [25]. Far detectors at the LHC have been shown to provide

a substantial gain in sensitivity for a large number of light and weakly coupled new physics

scenarios.

At the Belle II experiment at SuperKEKB in Japan, the conditions for LLP production

and decay are di↵erent from the LHC case: LLPs are produced with a lower boost and

in a cleaner environment with less background, making studies of LLPs with the Belle II

detector alone already very sensitive. Further improvements in the LLP signal reach could

in principle be achieved using dedicated detectors. The sensitivity to LLPs with very

long decay lengths is mostly determined by the fiducial e�ciency of a far detector, which

scales with the angular acceptance times the radial thickness. Increasing the detector

volume while keeping the full angular coverage would clearly enhance the sensitivity to

LLPs beyond Belle II. However, for practical reasons such as the positioning and supply of

the Belle II detector in the Tsukuba hall, it is impossible to build a far detector with full

angular coverage. To obtain realistic predictions for the physics reach of a far detector at

Belle II the instrumental requirements have to be investigated in a dedicated study.

In this paper, we explore the projected sensitivity of several realistic options for a far

detector at Belle II. We call the ensemble of new detectors GAZELLE (GAZELLE is the

Approximately Zero-background Experiment for Long-Lived Exotics).1 For our study we

focus on models with LLPs that decay into two charged particles, plus potential additional

neutral particles (Fig. 1). The signature in GAZELLE consists of two charged tracks that

originate from the LLP decay vertex. Neutrinos and other neutrals escape the GAZELLE

detector as missing energy. Our goal is to assess the sensitivity gain of GAZELLE com-

1GAZELLE is a recursive acronym. Recursive acronyms are common in computing and used by many

organizations [26].

– 2 –

�
<latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7TNoQhhvjAoSHMlY5AI2G6GSEwE="></latexit><latexit sha1_base64="7TNoQhhvjAoSHMlY5AI2G6GSEwE="></latexit><latexit sha1_base64="rWa2qn9kGGONMaBxIIt0BViTsVU="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit>

�
<latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="g6/28AkOY4W6Pc8eJhIz1eZFWzI="></latexit><latexit sha1_base64="g6/28AkOY4W6Pc8eJhIz1eZFWzI="></latexit><latexit sha1_base64="+q+R41kkpnl7wQy3H4DVk1n9bDE="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit>

precise measurement of LLP direction

reconstruction of LLP mass (   ,   )�
<latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="7TNoQhhvjAoSHMlY5AI2G6GSEwE="></latexit><latexit sha1_base64="7TNoQhhvjAoSHMlY5AI2G6GSEwE="></latexit><latexit sha1_base64="rWa2qn9kGGONMaBxIIt0BViTsVU="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit><latexit sha1_base64="09h7r1+JrSF04jBI2oPAo21qdxA="></latexit>

�
<latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="I3qzNHs0O153gIiFHHCMQ4HedNo="></latexit><latexit sha1_base64="g6/28AkOY4W6Pc8eJhIz1eZFWzI="></latexit><latexit sha1_base64="g6/28AkOY4W6Pc8eJhIz1eZFWzI="></latexit><latexit sha1_base64="+q+R41kkpnl7wQy3H4DVk1n9bDE="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit><latexit sha1_base64="ALxA1XpWMTv0WLGvs1lTQEOdkNw="></latexit>

GAZELLE and Belle II can trigger each other



 7

direct kaonsBackgrounds 1
π±

← Belle II

← Belle II

K0
L

ν

ℓ∓

ℓ∓

π±

ν
ν

ℓ∓

π±

μ

K0
L

K0
L

μ

GAZELLE

GAZELLE GAZELLE

Figure 5: Background from direct and muon-induced K
0

L meson decays originating from

(left) primary collisions and (right) cosmic muons.

Backgrounds 2: muon decays

μ±

← Belle II

e±

ν̄

ν ν

ν̄
e±

μ±

GAZELLEGAZELLE

Figure 6: Background from (left) muon decays from primary collisions and (right) cosmic

muons.

plane. This kinematic feature would be extremely rare among cosmic muon induced

events.

• LLPs are typically produced together with other prompt particles that are visible in

Belle II, for example from B or ⌧ decays. If the event missing momentum vector can

be computed in Belle II, it must point to the vertex position in GAZELLE.

• The event in GAZELLE and Belle II must have a time coincidence. Since the LLP

mass reconstruction is model-dependent, this timing window must be rather large

but it will still allow powerful background rejection.

While additional passive shielding between Belle II and GAZELLE stops neutral hadrons,

it also increases the rate of muon-induced hadron production and must be optimized ac-

cordingly. If the shielding is too close to the GAZELLE volume, additional background

from K
0

S meson decays into two pions, as well as ⇤ decays, are a concern. Active cosmic ve-

toes on top of GAZELLE could be used to further reject cosmic muon induced backgrounds.
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Figure 1: Signature of signal events with two charged particles (f± = e
±
, µ

±
,⇡

±
, or K±)

(left) without and (right) with additional neutral particles or invisible particles.

particles (LLPs), due to small couplings and/or small mass splittings in the hidden sector.

The search for such states at colliders is complicated by the fact that for su�ciently long

lifetimes the particles decay outside the active detector volume. In this limit only generic

signatures with missing energy remain.

To achieve a better coverage for such scenarios, adding a so-called far detector at a dis-

tance from the primary interaction point can enhance the sensitivity to long decay lengths

compared to the main detector. At the LHC, this idea has motivated far detectors such as

the recently approved experiment FASER [22] or the proposed experiments CODEX-b [23],

MATHUSLA [24], and ANUBIS [25]. Far detectors at the LHC have been shown to provide

a substantial gain in sensitivity for a large number of light and weakly coupled new physics

scenarios.

At the Belle II experiment at SuperKEKB in Japan, the conditions for LLP production

and decay are di↵erent from the LHC case: LLPs are produced with a lower boost and

in a cleaner environment with less background, making studies of LLPs with the Belle II

detector alone already very sensitive. Further improvements in the LLP signal reach could

in principle be achieved using dedicated detectors. The sensitivity to LLPs with very

long decay lengths is mostly determined by the fiducial e�ciency of a far detector, which

scales with the angular acceptance times the radial thickness. Increasing the detector

volume while keeping the full angular coverage would clearly enhance the sensitivity to

LLPs beyond Belle II. However, for practical reasons such as the positioning and supply of

the Belle II detector in the Tsukuba hall, it is impossible to build a far detector with full

angular coverage. To obtain realistic predictions for the physics reach of a far detector at

Belle II the instrumental requirements have to be investigated in a dedicated study.

In this paper, we explore the projected sensitivity of several realistic options for a far

detector at Belle II. We call the ensemble of new detectors GAZELLE (GAZELLE is the

Approximately Zero-background Experiment for Long-Lived Exotics).1 For our study we

focus on models with LLPs that decay into two charged particles, plus potential additional

neutral particles (Fig. 1). The signature in GAZELLE consists of two charged tracks that

originate from the LLP decay vertex. Neutrinos and other neutrals escape the GAZELLE

detector as missing energy. Our goal is to assess the sensitivity gain of GAZELLE com-

1GAZELLE is a recursive acronym. Recursive acronyms are common in computing and used by many

organizations [26].
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decay probability:

hPi ⇡ ⌦

4⇡

D

d
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5 Comparing the LLP reach at GAZELLE and Belle II

Despite the di↵erent LLP production and decay modes, the overall sensitivity of GAZELLE

does not significantly exceed the one of Belle II in most of the benchmarks we considered.

The high sensitivity of Belle II and the comparably modest additional reach of GAZELLE

is mostly due to the geometry and the positioning of the detectors.

The sensitivity to LLPs with large decay lengths, d ⌘ ��c⌧ , is mostly determined by

the solid angle ⌦ (as viewed from the collision point) times the radial thickness D of the

detector, see also Sec. 1. This follows from rewriting the radial decay probability, Eq. (4.1),

as

P(`in) = exp

✓
�
`
in

d

◆
� exp

✓
�
`
in +D

d

◆
, (5.1)

and expanding the exponential for d � `
in
, D, in which case the average decay probability

is approximated by

hPi ⇡ ⌦⇥
D

d
. (5.2)

Using the geometry parameters from Sec. 2, we can roughly estimate the fiducial acceptance

⌦⇥D for Belle II and the three GAZELLE detectors as

Belle II : 11.5 sr ⇥ 0.6 m = 7 sr m,

Baby-GAZELLE : 0.05 sr ⇥ 4 m = 0.2 sr m,

L-GAZELLE : 0.34 sr ⇥ 6 m + 0.32 sr ⇥ 3 m = 3 sr m,

GODZILLA : 0.17 sr ⇥ 20 m = 3.4 sr m.

(5.3)

For Baby-GAZELLE the fiducial acceptance is too small to compete with Belle II. For

L-GAZELLE and GODZILLA the fiducial acceptance is comparable to that of Belle II,

resulting in a similar sensitivity to LLPs in the limit of long decay lengths. This explains

the typical decay ratios of hPiLG/GZ/hPiCDC ⇡ 1 for the three models in Figures 8, 11

and 15 at small couplings. In all three models the reach at long lifetimes is determined

by the detector geometry, rather than the exponential decay probability, which dominates

for smaller decay lengths. Deviations from the simple estimates in Eq. (5.3) are due to

the kinematic distribution of the LLPs, with an increased flux of LLPs directed toward

GAZELLE due to the asymmetry in e
+ and e

� beam energies (see also Sec. 6.1).

At future e+e� colliders, geometric limitations can be overcome by optimizing the fidu-

cial acceptance. For instance, this idea has been put forward in the HADES proposal [56],

a 4⇡ detector positioned at a distance around the collision point of the planned future

electron-positron collider FCC-ee.

Finally, we comment on the complementarity of displaced vertex and missing energy

searches. Due to its high angular coverage, Belle II can e�ciently detect LLPs with very

long lifetimes as missing energy. For example, in the ALP model from Sec. 4.2 the projected

rates for ALP decays in GAZELLE are limited by existing searches for B ! K+invisible at

BaBar [48]. Searches with displaced vertices or missing energy searches are complementary,
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Belle II Baby-G. L-GAZELLE GODZILLA

7 0.2 3 3.4⌦⇥D [sr m] :
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Compare Decay Probability by detector (ALPs)
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No sensitivity gap between Belle II and GAZELLE. 
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LLP sensitivity of far detector versus near detector relies on

LLP boost: the larger the boost the thicker the detector

positioning: Belle II: forward (boost), ILC: central (model-dep.)

signatures: displaced vertex (far) — missing energy (main)

acceptance: the further away the larger

Lessons learned
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3. DM relic density

The inelastic DM model we investigate here has several fea-
tures to relax the tension between a light DM mass and the
CMB constraint. The mass relation mA0 > m1 + m2 ensures
that �2�2 ! A0A0 ! SM is closed, and the dominant coanni-
hilation channel �1�2 ! A0⇤ ! SM will be no longer active in
the recombination era due to the depletion of �1, which there-
fore does not a↵ect CMB much. The Lagrangian form in Eq. 2
means that the elastic scattering between �2 and SM particles
are loop suppressed, and thus can evade the direct DM detection
via nuclear recoil (apart from the fact that �2 is light). This type
of dark photon decaying into inelastic light DM particles can be
searched in e+e� collider experiments [11], such as Belle II or
BESIII, with distinct signatures such as a mono-photon alone
[3], or a mono-photon plus a pair of e+e� with a displaced ver-
tex [12]. The inelastic DM has also been discussed in the con-
text of hadron colliders covering a dark photon mass &10 GeV
[13], and fixed-target experiments suitable for a DM mass .1
GeV [14].

It is assumed that the dark and SM matter were in thermal
equilibrium in the early universe. When the DM annihilation
rate into SM particles falls below the Hubble expansion rate,
the DM number density freezes out to the current relic density
of ⌦h2 = 0.12 [9]. The DM coannihilation rate for �1�2 !
A0⇤ ! f f̄ is [11]

�� =
8⇡✏2↵↵Dm1m2�2

3
h
(m1 + m2)2 � m2

A0
i2 , (3)

where ↵ = e2/4⇡, ↵D = g2
D/4⇡, and � is the relative velocity

between �1 and �2. Contrary to the case of fermionic DM par-
ticles, this process is p-wave suppressed. Therefore, the scalar
DM model provides an extra handle to relax the tension be-
tween a light DM and the CMB result in which a s-wave DM
coannihilation is assumed [9]. As illustrated in [11, 12], the ex-
isting experimental limits favor a small mass splitting between
�1 and �2, and to avoid DM overabundance, the masses of �1,2
close to the threshold, mA0 ' m1 + m2, are preferred. This
has two consequences: �1 produced at colliders tends to have
a longer lifetime, and its flight direction is very much collinear
with its mother dark photon. Because an on-shell dark photon is
mainly produced in the forward detector direction (see Sec. 4),
we propose putting a DM detector in the forward region to de-
tect the decay products of �1, while for an o↵-shell dark photon,
we propose putting it in the central region. To check the relic
density compatibility, we employ micrOMEGAs [15] to perform
numerical calculations of the density evolution.

4. Dark photon production at e+e� colliders

The main production diagrams of a dark photon together with
an Initial State Radiation (ISR) photon, i.e., e+e� ! �A0, at a
e+e� collider are shown in Fig. 1.

The Born level di↵erential cross section of the process
e+e� ! A0� with respect to cos ✓, where ✓ is the polar angle

-e

+e γ

A' -e

+e γ

A'

Figure 1: The production diagrams of an on-shell dark photon A0 at a e+e�
collider.

-e

+e

A'*

1
φ

2
φ

Figure 2: The production diagrams of an o↵-shell dark photon A0 at a e+e�
collider.

between the outgoing A0 and the electron beam axis, can be ex-
pressed as [16]

d�
d cos ✓

= 2⇡✏2↵2

⇣
s + m2

A0
⌘2
+

⇣
s � m2

A0
⌘2

cos2 ✓

s
⇣
s � m2

A0
⌘ ⇣

s sin2 ✓ + 4m2
e

⌘ , (4)

where s is the center of mass (CM) energy squared of the e+e�
system, and me the electron mass. According to this expression,
it can be seen that the dark photon is primarily produced in the
very forward directions of a e+e� detector system. The produc-
tion cross section increases with dark photon mass for a givenp

s, while for a given dark photon mass, it decreases with
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s.
Apart from the on-shell A0 production with an ISR photon,

the DM particles can be directly produced through an o↵-shell
A0, as shown in Fig. 2. The di↵erential cross section reads
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The striking di↵erence with respect to Eq. 4 is that �1 will be
most abundantly produced in the central region of the detector.1
If �1 is long-lived, no trace will be left inside the e+e� detector,
whereas if it is short-lived, a pair of non-resonant soft tracks
with a displaced vertex can be left inside, but they are very hard
to be detected due to the collision background.

5. Dark photon decay

After A0 is produced, it then promptly decays into a charged
SM fermion pair, or dark scalars �1 and �2. The spin averaged

1In the case of fermionic DM, for m1 + m2 close to
p

s favored by the relic
density, the angular probability of �1 is more isotropic.

2

3. DM relic density

The inelastic DM model we investigate here has several fea-
tures to relax the tension between a light DM mass and the
CMB constraint. The mass relation mA0 > m1 + m2 ensures
that �2�2 ! A0A0 ! SM is closed, and the dominant coanni-
hilation channel �1�2 ! A0⇤ ! SM will be no longer active in
the recombination era due to the depletion of �1, which there-
fore does not a↵ect CMB much. The Lagrangian form in Eq. 2
means that the elastic scattering between �2 and SM particles
are loop suppressed, and thus can evade the direct DM detection
via nuclear recoil (apart from the fact that �2 is light). This type
of dark photon decaying into inelastic light DM particles can be
searched in e+e� collider experiments [11], such as Belle II or
BESIII, with distinct signatures such as a mono-photon alone
[3], or a mono-photon plus a pair of e+e� with a displaced ver-
tex [12]. The inelastic DM has also been discussed in the con-
text of hadron colliders covering a dark photon mass &10 GeV
[13], and fixed-target experiments suitable for a DM mass .1
GeV [14].

It is assumed that the dark and SM matter were in thermal
equilibrium in the early universe. When the DM annihilation
rate into SM particles falls below the Hubble expansion rate,
the DM number density freezes out to the current relic density
of ⌦h2 = 0.12 [9]. The DM coannihilation rate for �1�2 !
A0⇤ ! f f̄ is [11]
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h
(m1 + m2)2 � m2

A0
i2 , (3)

where ↵ = e2/4⇡, ↵D = g2
D/4⇡, and � is the relative velocity

between �1 and �2. Contrary to the case of fermionic DM par-
ticles, this process is p-wave suppressed. Therefore, the scalar
DM model provides an extra handle to relax the tension be-
tween a light DM and the CMB result in which a s-wave DM
coannihilation is assumed [9]. As illustrated in [11, 12], the ex-
isting experimental limits favor a small mass splitting between
�1 and �2, and to avoid DM overabundance, the masses of �1,2
close to the threshold, mA0 ' m1 + m2, are preferred. This
has two consequences: �1 produced at colliders tends to have
a longer lifetime, and its flight direction is very much collinear
with its mother dark photon. Because an on-shell dark photon is
mainly produced in the forward detector direction (see Sec. 4),
we propose putting a DM detector in the forward region to de-
tect the decay products of �1, while for an o↵-shell dark photon,
we propose putting it in the central region. To check the relic
density compatibility, we employ micrOMEGAs [15] to perform
numerical calculations of the density evolution.

4. Dark photon production at e+e� colliders

The main production diagrams of a dark photon together with
an Initial State Radiation (ISR) photon, i.e., e+e� ! �A0, at a
e+e� collider are shown in Fig. 1.

The Born level di↵erential cross section of the process
e+e� ! A0� with respect to cos ✓, where ✓ is the polar angle
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Figure 1: The production diagrams of an on-shell dark photon A0 at a e+e�
collider.
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1
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φ

Figure 2: The production diagrams of an o↵-shell dark photon A0 at a e+e�
collider.
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system, and me the electron mass. According to this expression,
it can be seen that the dark photon is primarily produced in the
very forward directions of a e+e� detector system. The produc-
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The striking di↵erence with respect to Eq. 4 is that �1 will be
most abundantly produced in the central region of the detector.1
If �1 is long-lived, no trace will be left inside the e+e� detector,
whereas if it is short-lived, a pair of non-resonant soft tracks
with a displaced vertex can be left inside, but they are very hard
to be detected due to the collision background.

5. Dark photon decay

After A0 is produced, it then promptly decays into a charged
SM fermion pair, or dark scalars �1 and �2. The spin averaged

1In the case of fermionic DM, for m1 + m2 close to
p

s favored by the relic
density, the angular probability of �1 is more isotropic.
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(light LLPs)

larger relative rate ILC-far/main 

ILC-far should be large (high acceptance at ILC-main)

close by is better than far away (optimize geometric acceptance)

different LLP production
Z/Higgs decays, VBF, LLP+photon

Similar to Belle II:
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Thank you!

ILD itself should be a great LLP detector. 
 (high acceptance, clean environment)

Signal coincidence: 
missing energy (main) - displaced vertices (far).

Sensitivity gain of far detector larger than at Belle II. 
 (LLPs produced with higher boost)

Main and far detector can trigger each other. 
 (background rejection, signal characterization).

Explore new production channels. 
 (Higgs, electroweak, top (ILC-500))
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Figure 9: Expected number of HNL events inside the GAZELLE detectors as a function

of the mixing angle U⌧ , for three mass benchmarks.
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mN [GeV] L-GAZELLE Belle II LG/Belle II

0.5 7.1⇥ 10�3 2.0⇥ 10�3 3.6

1.0 2.2⇥ 10�3 1.1⇥ 10�3 2.0

1.5 1.4⇥ 10�3 1.6⇥ 10�3 0.85

Table 1: Projected reach of L-GAZELLE and Belle II for the mixing angle U⌧ with the

three mass benchmarks considered. The last column shows the ratio of the reach at L-

GAZELLE over Belle II, assuming 100% e�ciency for both detectors. Ratios smaller than

one indicate a better performance of L-GAZELLE.

versus Belle II for the three mass benchmarks. For high HNL masses, L-GAZELLE is

sensitive to smaller mixing angles U⌧ than Belle II, while the opposite is true for small

masses. This strong mass dependence is due to the scaling of the HNL branching ratios.

In particular, the three-body decay width of the HNL into charged states relevant for L-

GAZELLE scales as m5

N , while Belle II also probes other decay channels. This explains the

larger gain of L-GAZELLE over Belle II for large HNL masses, despite a smaller average

decay probability (Fig. 8).

The analysis performed here for ⌧ -flavored HNLs can be easily extended to the e- and

µ-flavored cases, Ne and Nµ respectively. At Belle II the main production mechanisms

would be ⌧ , D and B decays. In the very light mass region mN . 100 MeV, the HNL

could be in principle produced with enough boost to largely escape the Belle II detector.

However, this region is already excluded by beam dump experiments, see e.g. Ref. [37].

For heavier HNLs, the gain of GAZELLE over Belle II would be dictated again by the

respective fiducial coverage.

4.2 Axion-like particles

Axion-like particles (ALPs) arise in pseudoscalar extensions of the Standard Model. These

hypothetical particles are pseudo Nambu-Goldstone bosons associated with a chiral sym-

metry, the Peccei-Quinn symmetry, that is broken at some high scale ⇤ [38–40]. ALPs

can couple to gauge bosons and fermions of the SM via dimension-5 operators (frequently

referred to as the “axion portal” in the literature) [41–43]. At Belle II, ALPs with masses

below the GeV scale can be abundantly produced as on-shell particles in B meson decays.

Subsequently, the ALPs travel through the detector and decay to leptonic or hadronic final

states, if these are kinematically allowed. In our analysis, we focus on the final states with

electron or muon pairs, B ! K + a (a ! `
+
`
�) (Fig. 10).

The relevant ALP interactions around the B mass scale are described by an e↵ective

Lagrangian

LALP = �2gij
@µa

⇤
d̄i�

µ
PLdj +

c`

2

@
µ
a

⇤
¯̀�µ�5`, i, j = 1, 2, 3, ` = e, µ, (4.6)

where gij is the e↵ective coupling of the ALP to down-quark FCNCs and c` is the coupling

of ALPs to leptons. The FCNC coupling, gij , can originate directly from a broken Peccei

Quinn symmetry at a high scale ⇤ or be generated from flavor-diagonal couplings in the

– 14 –

�(N ! ⌫⌧ `¯̀) ⇠ m5
N |U⌧ |2
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Higher BR to leptons for large HNL mass:
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Figure 14: Expected number of dark Higgs events from iDM as a function of the scalar

mixing angle, for the parameter set in Eq. (4.12) and the indicated dark Higgs masses.
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mh0 [GeV] L-GAZELLE Belle II LG/Belle II

0.4 1.10⇥ 10�6 1.14⇥ 10�6 0.96

1.0 3.6⇥ 10�7 3.7⇥ 10�7 0.97

3.0 5.8⇥ 10�7 5.8⇥ 10�7 0.99

Table 3: Projected reach of L-GAZELLE and Belle II for the mixing angle ✓ with the three

mass benchmarks considered. The last column shows the ratio of the reach at L-GAZELLE

over Belle II, assuming 100% e�ciency for both detectors. Ratios smaller than one indicate

a better performance of L-GAZELLE.

– 23 –
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e.g. Kang, Luty 0805.4642

3m

1m

Figure 1: A schematic depiction of pair production of dark quarks forming two emerging jets.
Shown is an x � y cross section of a detector with the beam pipe going into the page. The
approximate radii of the tracker and calorimeter are also shown. The dark mesons are represented
by dashed lines because they do not interact with the detector. After traveling some distance,
each individual dark pion decays into Standard Model particles, creating a small jet represented
by solid colored lines. Because of the exponential decay, each set of SM particles originates a
di↵erent distance from the interaction point, so the jet slowly emerges into the detector.

3

dark showers:

quirks:

Fig. 5. Anomalous tracks from quirks with macroscopic strings.

quirks toward each other, we can have events such as those depicted schematically

in Fig. 5. In these events, the curvature of the tracks is qualitatively di↵erent from

the curved track of a particle in the magnetic field of the detector. For example, a

magnetic field along the beam direction curves tracks only in the r-� plane, while quirk

tracks generally have curvature in the r-z plane. Therefore, unambiguous observation

of only a single event of this type is su�cient for discovery of macroscopic strings!

Do quirks annihilate when the string force brings them back together? For the

case of macroscopic strings considered here, this is highly suppressed by the fact

that annihilation requires the quirk to be in a state of relative angular momentum

` ⇠ 1, while interactions with matter change the angular momentum by much larger

amounts due to the long lever arm. Even a single ionization interaction gives

�` ⇠ �pL ⇠ me
⇤2

mQ
⇠

✓
mQ

TeV

◆ ✓
⇤

GeV

◆�2

. (4.2)

The infracolor “brown muck” surrounding the quirk has a much larger cross section

of order ⇤�2, and can therefore interact for angular momenta ` <⇠ mQ/⇤. A single

ionization interaction changes the angular momentum more than this for ⇤ <⇠ MeV.

We conclude that quirks with macroscopic strings do not annihilate.

The di�culty in detecting quirks with macroscopic strings is that triggers and

14

As an example let us consider a simple toy model of cascade decays in the dark sector.

A dark scalar �1 is produced in positron–electron collisions, e+e� ! �1�1. Subsequently,

�1 decays to a pair of lighter dark scalars, �1 ! �2�2, followed by �2 decaying to SM

particles, �2 ! SM+SM. The production of the final SM states, i.e., the constituents of

emerging jets, is no longer controlled by a simple exponential as in the benchmark models in

Section 4, but rather by a convolution of two sequential decays. In the long lifetime limit the

average probability for emerging jet constituents to arise in the detector is parametrically

given by (rather than Eq. (5.2))

hPi ⇡ ⌦⇥
D

d1
⇥

D

d2
, (6.1)

with the respective decay lengths di = �i�ic⌧i and assuming that �1,2 are much lighter

than the collision energy. Because of the larger radial size GAZELLE has a parametric

advantage to explore such scenarios compared to Belle II. One can thus easily imagine a

possibility where dark sectors are discovered in a missing energy signature at Belle II and

then explored fully only using GAZELLE or a variation thereof.

6.3 Quirks

If the confining SU(ND) dark sector only contains heavy dark quarks, QD, in the GeV

range, at Belle II the production via e
+
e
�

! QDQ̄D does not leave enough energy to

create another QDQ̄D pair from the vacuum. Unlike in the case of light dark quarks,

Section 6.2, now the dark mesons cannot form. Instead, the heavy quarks are connected

by a flux tube of dark gluons that act as a string connecting at the ends to the two quirks,

QD and Q̄D [70–72]. The quirks fly apart until the energy stored in the string tension is

increased enough to stop the quirks. At this point the string pulls the quirks back toward

each other. Equating the kinetic energy Ekin ⇠
p
s = O(10GeV) of the QDQ̄D pair and

the potential energy associated with the SU(ND) confining scale ⇤IR gives an estimate of

the typical length scale of the string [72],

` ⇠
Ekin

⇤2

IR

⇠ 10m
Ekin

10GeV

⇣10 eV
⇤IR

⌘
2

. (6.2)

In the e
+
e
� center-of-energy frame the two quirks appear as though they were oscillating

back and forth, connected by a string. In the lab frame, the two quirks have an overall

boost and therefore move through the detector, oscillating back and forth, and finally

exit. During the oscillations the string and the quirks slowly shed energy by emitting

SM particles, which can potentially be observed in the experiment. They also lose energy

through interactions with the detector material and thus can even get stopped in the

detectors [73]. A far detector like GAZELLE would probe flux tubes with longer string

length ` than Belle II alone. For Ekin ⇠ 10GeV, this would mean that one would probe

dark force confinement scales in the range ⇤IR . 10 eV.

6.4 Soft bombs

Strongly coupled hidden valley models [60] may result in spherically symmetric distribu-

tions of soft particles with very high multiplicity, the so-called soft bombs [74, 75]. In
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emerging jets
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e+e� ! QDQ̄D ! string
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flux tubes

Enhanced detection volume for macroscopic objects.

e.g. Schwaller et al. 1502.05409
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picture: Belle II collaboration



 [GeV]Sm
1−10 1 10

θ2
sin

14−10

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

LH
Cb, Run 3

-1
Belle II, 50 ab

 invisible
→

LH
C, Run 1, H

 

 invisible
→

, H
 

-1
H

L-LH
C, 6 ab

-1

FASER2, 3 ab

-1

MATHUSLA200, 3 ab

 pot
20

SHiP, 2x10
-1

CODEX-b, 300 fb
 > 1 sec)τBBN (

DM never thermalizes through mixing

SN1987a
 pot19KLEVER, 5x10

 + invisibleπ →K 
(based on E949 data)

LHCb

pot (solid)

18

DarkQuest, 10

pot (dotted)

20

DarkQuest, 10

NA62

KOTO anomaly
→

M
ic

ro
Bo

oN
E

Figure 4

Dark scalar into visible final states. Shaded areas come from: reinterpretation (162) of
results from CHARM experiment (163); E949 (164); MicroBooNE (165) that excludes a light
dark scalar as interpretation (166) of the KOTO anomaly; LHCb (74, 75) and Belle (76).
Coloured lines come from projections of existing/proposed experiments: NA62-dump (9) and
DarkQuest (18), Belle II (167), SHiP (10), FASER2 (14), CODEX-b (15), MATHUSLA (12), and
KLEVER (6). Vertical lines come from the knowledge for the invisible Higgs width after Run 1 at
the LHC and projections in the HL-LHC era (see (8) and references therein). BBN and SN 1987A
are from (168) and (169), respectively.

only experimental results related to photon-coupling are considered. In this case all the

ALP phenomenology (production, decay, oscillation in magnetic field) is fully defined in the

(ma; |ga� | = f�1

a ) parameter space.

Searches for axions with photon couplings in the sub-eV mass range have literally ex-

ploded in the recent past. The most updated review on the laboratory searches for very

light axions and ALPs is contained in Ref. (171) and then updated in (6). Figure 5 shows

the sensitivity of current and future experiments to axions/ALPs with photon coupling over

about 20 orders of magnitude in mass and ⇠ 14 orders of magnitude in coupling. The Fig-

ure follows a colour scheme to present results obtained with di↵erent methods: black/grey

for laboratory results, bluish colours for searches for axions from the sun (helioscopes) and

bounds related to stellar physics, greenish for searches for axions as potential DM candidates

(haloscopes) or cosmology dependent arguments (see (6) for details). Hinted regions, like

the QCD axion, are in yellow/orange. Laboratory limits (dark grey areas) are essentially

due to the results of OSQAR (172) (region below 1 meV), and PVLAS (173) (region above

1 meV). The bounds from helioscopes and haloscopes experiments are mostly driven by

CAST (174) and ADMX (175) results. Projections for laboratory experiments, helioscopes,

and haloscopes, are dominated by ALPS-II (176), IAXO (177) (and its smaller version
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