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Portal Models

Standard Model Dark Sector
Portal

mediators 
(+gravity)

Only three sizeable interactions (or portals) to a Dark Sector, unsuppressed 
by the (possibly large) NP scale Λ.

Vector Portal: Massive A’ mixes with SM γ via strength parameter ε 

EFT for a (neutral) hidden sector

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete 
relevant or marginal “portals” to a neutral hidden sector, unsuppressed by the 

(possibly large) NP scale Λ
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Dark Photons: Terminology

• Different terms for (basically) the same things in 
literature. I will use: 

• Hidden Sector =  
Secluded Sector = Dark Sector 

• Dark Photon = Hidden Photon  
= Heavy Photon = U-Boson = γD = γ’ = A’  

• α’/α = ε via kinetic mixing  
(sometimes ε2 or y(ε) in plots) 

• Z’ != A’: A’ via kinetic mixing, Z’ via explicit couplings

https://xkcd.com/503/
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Invisible Dark Photon decays at Belle II

A’

light dark matter

electronpositron
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Invisible Dark Photon decays at Belle II

Introduction
• Dark Photon A’ motivated by Dark Matter, g-2, .. 

• Minimal Dark Matter model: Dark Matter particle χ and a 
new scalar or gauge Boson A’ as s-channel annihilation 
mediator (mA’ > 2mχ) 

• Additional U(1)’ symmetry → Kinetic mixing* of massive 
Dark Photon with the SM photon

3
13/28

Towards First Physics: Dark Photon.

>Dark Photon motivated by dark matter, g-2 anomaly...

>Minimal dark matter model: Dark matter particle N 
and a new scalar or gauge boson A'  as s-channel 
annihilation mediator (mA' > 2mN)

>Additional U(1)' symmetry ? “Kinetic Mixing”* of 
massive dark photon A' with the SM photon

*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s
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>Additional U(1)' symmetry ? “Kinetic Mixing”* of 
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*Holdom, Phys. Lett B166, 1986

Eγ=
s−M A'

2

2√ s

Belle II MC

• Requirements: 

• Single photon trigger  (Eth ≈ 1GeV)  

• Efficient and calibrated calorimeter  
BaBar’s problem:  
projective ECAL → large backgrounds 

• Efficient outer detector to veto 
calorimeter gaps and punch-throughs 

• SM backgrounds are ee→γγ(γ) and  
ee→ ee(γ) where one misses all but one γ

Belle II Phase 3  

need ~1 year data
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Invisible Dark Photon decays at Belle II
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Fig. 201: Combined projections (LDMX, Belle II) and constraints, encapsulating direct pro-

duction LDM constraints in the context of a kinetically mixed Dark Photon coupled to a

LDM state that scatters elastically (or nearly elastically) at beam–dump, missing energy, and

missing momentum experiments (Dark Photon mass mA0 = 3m� and coupling of the Dark

Photon to Dark Matter g� = 0.5 where applicable) [1806, 1807]. The Belle II projection for

Phase 3 is extrapolated from the limit for Phase 2 (see Sec.16.2.1). Note that the relic density

lines assume a standard cosmological history and that there is only a single component of

dark matter, which only interacts via Dark Photon exchange.

not assumed, so the mediator decays dominantly into the heaviest lepton that is kinemat-

ically accessible. The left panel of figure 202 shows model-independent bounds, which only

consider tree-level processes. In this case the leading constraints from Belle II result from

processes where the scalar mediator is radiated from a tau lepton in the final state (orange

dashed). If the mass of the scalar is below the muon threshold, its decay length can become

comparable to the size of the detector, leading to constraints that become weaker for smaller

mediator masses.

The right panel considers a specific UV-completion in terms of a Leptonic Two-Higgs

Doublet Model. In this case, it is possible to calculate the rate for loop-induced rare decays,

such as B ! Kµ+µ� or Bs ! µ+µ�. The corresponding searches from LHCb are found to

give very strong constraints, which may further be improved by Belle II by searching for

displaced vertices in B meson decays. We note that the Leptonic Two-Higgs Doublet Model

also predicts additional tree-level processes, such as h ! SS that can be constrained by

low-energy experiments. We refer to [1791] for details.

For the third example, we consider a pseudoscalar coupling exclusively to quarks with

coupling strength gq = gfmq/v. Again, the pseudoscalar is assumed to decay visibly, so it

can be observed in radiative ⌥ decays, e.g. ⌥ (2S) ! � + hadrons. In figure 203 we show

in blue the bound on this process from BaBar [1794], calculating the ⌥ (2S) branching

ratio following Ref. [1790]. For the Belle II projection (purple dotted), we assume that

the sensitivity scales proportional to the square root of the number of ⌥ (2S) and ⌥ (3S)

558/689

J. Alexander et al. (2016), arXiv:1608.08632 
Natalia Toro, private communication (2017) 
J. P. Lees et al., BaBar (2017), Phys. Rev. Lett. 119, 131804 (2017) 
TF, Schmidt-Hoberg et al., Belle II Physics book (2018),arxiv:1808.10567

20 fb-1 (summer 2019)

50 ab-1 (2027) 
Assuming no L1 prescale.
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Axion-like particles at Belle II
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ALPs
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Figure 7: Projected Belle II sensitivity (90% CL) compared to existing constraints on

ALPs with photon coupling (left) and hypercharge coupling (right), as well as the projected

sensitivities from SHiP [22] and the LHC [28].

photon (three photon) combination (see figure 6). The photon angle separation distance of

2ECL crystals is a conservative estimate of the Belle II o✏ine reconstruction performance

and can likely be improved using advanced reconstruction techniques based on Machine

Learning methods, and by using shower shape techniques similar to those applied in high

energy ⇡0 reconstruction. We show the e�ciency for single ECL crystal di↵erence for

comparison as well.

Events from e+e� ! �(a ! ��) are typically triggered by three energy depositions

of at least 0.1GeV in the ECL. Unlike in the Belle II o✏ine reconstruction, the photon

reconstruction at trigger level is much simpler and has a worse angular separation power.

We expect that a separation of less than 4 ECL crystals will result in merged photon clusters

and make this trigger ine�cient for ALP masses below about 0.5GeV. An ideal trigger will

require at least two highly energetic ECL clusters and must not satisfy e+e� ! e+e�

(Bhabha) vetoes. However, any e+e� ! �� veto decision must be delayed to the high

level trigger where o✏ine reconstruction is available in order to maintain a high trigger

e�ciency for low mass ALPs.

We obtain the expected 90% CL sensitivity as described above. The sensitivity for

long-lived ALPs decaying into two photons is determined from the sensitivity of ALP

decays into DM, taking into account the reduced e�ciency given by eq. (2.6) using a

detector length16 of LD = 300 cm [96]. The projected sensitivities to the coupling ga�� are

summarized as a function of ALP mass ma in figure 7.

We make a number of important observations from figure 7. First of all, we note that

for very light ALPs (i.e. ma ⇠ 1MeV) Belle II single-photon searches can push significantly

beyond current constraints from beam dump experiments and can potentially explore the

16
The event selection includes a veto of energy depositions in the KLM. The detector length is hence

taken as approximate outer radius of the barrel KLM.
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Figure 1: Feynman diagrams for ALP production in e+e� collisions via ALP-strahlung

(left) and photon fusion (right) and the subsequent decay of the ALP into two photons.

The same interaction can also be responsible for the production of ALPs, for example

in e+e� collisions. There are two di↵erent production processes of interest: ALP-strahlung

(e+e� ! �⇤ ! � + a) and photon fusion (e+e� ! e+e� + a), see figure 1. For the former

process (and in the limit ma ! 0) the di↵erential cross section with respect to the photon

angle in the centre-of-mass (CM) frame is given by [30]

d�

d cos ✓
=

g2a�� ↵

128
(3 + cos 2✓)(1�m2

a/s)
3 , (2.7)

which has a mild angular dependence and is notably independent of the CM energy
p
s for

ma ⌧
p
s.4 ALP-strahlung therefore typically leads to a photon with sizeable transverse

momentum, which is a promising experimental signature.

The cross section for ALP production via photon fusion can be calculated by replacing

the colliding particles by their equivalent photon spectra �(x) and making use of the ALP

production cross section from a pair of photons [22]:

�(�� ! a) =
⇡ g2a�� ma

16
�(m�� �ma) . (2.8)

Unless ma is close to
p
s, ALP production via photon fusion typically dominates over

ALP-strahlung. However, the ALPs produced in this way are much harder to detect

experimentally, as they carry only little energy and therefore decay into relatively soft

photons in the laboratory frame. We will return to the experimental feasibility of searches

for ALPs produced in photon fusion in section 5.3.

This work focuses on ALPs with mass below 10GeV, so that the decay a ! �Z is

forbidden. The a�Z interaction nevertheless plays an important role, as it leads to the

decay Z ! � + a [28, 49] with partial decay width given by

�(Z ! � + a) =
g2a�Z
384⇡

✓
m2

Z �m2
a

mZ

◆3

. (2.9)

Depending on the ALP lifetime, this process can either lead to the signature Z ! � + inv

or to Z ! 3�, both of which can be tightly constrained by experiments.

4
Even for very light ALPs there remains a slight dependence on

p
s due to the running of both ↵ and

ga�� , which can change by up to 10% over the range of energies that we consider [28].

– 5 –

TF, Schmidt-Hoberg, Kahlhöfer, Dolan, Hearty 
JHEP 1712 (2017) 094Belle II Phase 2  

analysis ongoing
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Other signatures at Belle II

• Avoid electron couplings: Z’→ invisible, Z’→μμ, and LVF  Z’→μe 

• Displaced vertices from long-lived mediators or DM decays 

• Long-lived ALPs and boosted ALPs (merging photons) 

• ALPs with gluon couplings via B decays or via decays into hadrons 

• Complex missing energy cascades (e.g. inelastic DM) 

• Upsilon decays 

• …
  Several new projects initiated  
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Theory
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Inference on hardware. 
Anomaly detection.

Enhance sensitivity.

Neutral final states. 
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Reduce extreme rate  from 
QED backgrounds. 

Enable new searches.

Motivate new searches. 
Combine limits. 

Explain discoveries.
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Summary

• First two searches are ongoing with the 2018 Belle II dataset:  
ALP→γγ (lead by DESY), and Z’→invisible (DESY contribution). 

• Belle II will start physics data taking this week. 

• Established and ongoing cooperation between experiments and DESY theory 
(ALPs, Belle II physics book, SHiP physics book).  

• Room for improvement within QU: Theory collaboration with UHH, experimental 
collaboration in analysis methods (including ML), calorimeter reconstruction, and 
trigger development.
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Backup
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ALPs
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Figure 4: Present and future constraints on ALPs decaying into DM compared to the

parameter region where one can reproduce the observed DM relic abundance via resonant

annihilation of DM into photons. Note that this process is e�cient only if m� is slightly

smaller than ma/2 (see figure 3).

5.1 ALP decays into dark matter

We study decays of ALPs into DM from ALP-strahlung production for ALP masses up to

ma = 8.5GeV. Signal Monte Carlo events have been generated using MadGraph5 v2.2.2

[90]. We have generated samples using a fixed ALP mass per sample in steps of 0.05GeV

with 10,000 events each, using a branching ratio into DM of BR(a ! ��) = 1.0. The final

state consists of a single, highly energetic photon with an energy

E� =
s�m2

a

2
p
s

, (5.1)

where
p
s = 10.58GeV is the collision energy. This search is very similar to the search

of Dark Photon decays into DM described in ref. [44]. The backgrounds for this search

have been found to be due to high cross section QED processes e+e� ! e+e��(�) and

e+e� ! ��(�) where all but one photon are undetected. The background composition is

a complicated function of detector geometry details that cannot be adequately reproduced

without a full Belle II detector simulation. We therefore take the background rates from

ref. [44]. It should be noted that the irreducible background from e+e� ! ⌫⌫̄� is negligible.

We obtain the signal e�ciency for ALPs using generator-level Monte Carlo simulations.

We determine the expected 90% CL upper limit of signal events ns such that the

Poisson probability of observing less than n events when expecting ns+nb events is  0.1,

where n is the integer closest to the number of background events nb. Expected upper limits

on the coupling ga�� are summarized as a function of ALP mass ma in figure 4. The much

better expected sensitivity compared to BaBar is mainly due to the more homogeneous

calorimeter of Belle II. Figure 4 also shows the parameter ranges corresponding to resonant

freeze-out. We observe that, if DM annihilation into photons is resonantly enhanced,

– 16 –

TF, Schmidt-Hoberg, Kahlhöfer, Dolan, Hearty 
JHEP 1712 (2017) 094
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SuperKEKB

7/34Torben Ferber, DESY

Nano beam scheme.
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Belle II at SuperKEKB

http://www-superkekb.kek.jp/img/ProjectedLuminosity_v20190128.png

Belle (1ab-1)

Belle II goal 
(50ab-1)

Belle II up to today: 
0.0005 ab-1
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Belle II at SuperKEKB

positrons e+

electrons e-

KL and muon detector (KLM):  
Resistive Plate Counters (RPC) (outer barrel) 
Scintillator + WLSF + MPPC (endcaps, inner barrel) 

Particle Identification (PID): 
Time-Of-Propagation counter (TOP) (barrel) 
Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD) 

Electromagnetic calorimeter (ECL): 
CsI(Tl) crystals, waveform sampling

Vertex detectors (VXD):  
2 layer DEPFET pixel detectors (PXD) 
4 layer double-sided silicon strip detectors (SVD) 

Central drift chamber (CDC): 
He(50%):C2H6 (50%), small cells,  
fast electronics 

Magnet: 
1.5 T superconducting 

Trigger: 
Hardware: < 30 kHz 
Software: < 10 kHz

DEPFET: depleted p-channel field-effect transistor 
WLSF: wavelength-shifting fiber 
MPPC: multi-pixel photon counter
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SHiP SHiP – Search for Hidden Particles

New BDF Facility at the CERN SPS

Target/Magnetized hadron absorber

Active muon shield

Emulsion spectrometer

Decay volume

Hidden sector spectrometer

p @40
0Ge

V

⇡
µhnl

115m

Heavy target to produce heavy mesons and HP

Usually two charged particles in final state

! far away from target

Long evacuated decay vessel followed by detectors

Can test a large variety of models predicting HP

SHiP Hamburg Group (AG Hagner) QU Kicko↵ Meeting March 20, 2018 2 / 3

Daniel Bick
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Activities of the SHiP Hamburg Group

The SHiP Tracker:

5m long straw tubes operated horizontally

10m high detector

Four stations, 18000 straw tubes

Station design (frame)

Development of the straw mechanics

Production of straw modules to be inserted into the frame

SHiP Hamburg Group (AG Hagner) QU Kicko↵ Meeting March 20, 2018 3 / 3
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SHiP
Daniel Bick


