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(slightly) limiting the BSM landscape

Don’t sweat the details - focus on known big problems and questions

1) dark matter

2) fundamental symmetries

3) some smaller questions 
   (how well does the SM really work? 
    what is a proton?
    do we fully understand gravity?)

BSM

BSM ?

}

(and I’m going to mostly require that an accelerator be involved somewhere 
  ... in fact, this will be a somewhat CERN-centric perspective ... )
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Heidelberg 
University!

Exploring is (at least) 2 dimensional 

ν,Fixed  
    target 

J. Jaeckel, ITP Heidelberg

expected, hoped-for
& complete surprises
(a bestiary of mostly 

imaginary things)
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Exploring at CERN (but not at a (the) collider):

NA62
COMPASS

CAST

Antihydrogen
experiments

(many!)
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1) dark matter

Mass range covered 1067 eV10-24 eV

5/60



1) dark matter

Mass range covers 1067 eV10-24 eV

WIMPs

Direct detection
(production at LHC)

(SUSY searches)

Indirect detection
(nuclear recoil)

(Xenon, Ge)
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1) dark matter

Mass range covers 1067 eV10-24 eV

WIMPs(        )
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1) dark matter

Mass range covers 1067 eV10-24 eV

(        )

axions, wisps, chameleons
heavy neutral leptons
dark photons
{

astrophysical limits;
Gray Rybka, Physics 
of the Dark Universe 
4(2014)14–16
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CP-violation in the weak interaction, but not in the EM, strong interactions

QCD predicts possibility of CP-violation in the strong interaction (quark mass mixing)

Roberto Peccei & Helen Quinn (1977): a (new) global chiral symmetry (that is spontan- 
eously broken at large scales fa) that perfectly “avoids” this (potential) CP-violation.

Goldstone theorem: spontaneous symmetry breaking            new particle 

Nambu-Goldstone Boson (no spin, no mass, no charge)

if symmetry is not exact, mass = 0 Pseudo-Nambu-Goldstone Boson : Axion/

The axion is extremely hard to find, because it doesn’t interact with (m)any of the 
particles in the standard model, with the exception of photons, which it can decay to.

R. D. Peccei and Helen R. Quinn, Phys. Rev. Lett. 38, 1440 – Published 20 June 1977

...choice of phases (which appear in the fermion mass term) for various scalar expectation values... 

The observed CP invariance of the strong interactions is a natural feature of a theory such as 
quantum chromodynamics provided only that at least one fermion flavor acquires its mass through a 
Yukawa coupling to a scalar field which has a nonvanishing vacuum expectation value, and the 
Lagrangian originally possesses a U(1) invariance involving all Yukawa couplings.

https://www.susanjfowler.com/blog/2016/9/17/from-the-fledgling-physicist-archives-an-introduction-to-axions

1) dark matter: axions

S. Weinberg, PRL 40 (1978) 223
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1) dark matter: axions 

Heidelberg
University

Couplings f ixed by scale of symmet r y
br eaking: f a
• Phot on coupling

• Gluon coupling

• Fermion couplings

Photon coupling

Gluon coupling

Fermion couplings

Couplings fixed by scale of symmetry breaking: fa (m    g)/

main difference between axions and ALPs: mass and coupling constants are independent for ALPs

(axion-like particles)
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1) dark matter: wisps, ALP’s

WISP = weakly interacting slim/sub-eV particle
WIMP = weakly interacting massive particle

Axions (and Axion-Like particles), in addition to being 
a possible solution to the strong CP problem, also 
arise naturally in several extension of the SM (string 
theory, SUSY): spin 0, very weak coupling to photons

Detection of ALPs: Primakoff effect 

photon

axion production (e.g. in Sun) dark matter axion
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1) dark matter: wisps, ALP’s

ma unknown      frequency of optimal coupling unknown

Looking for the dark matter axion wind (galactic halo)

ADMX

on resonance, axion to photon conversion is enhanced

Searching for (low energy) axions converting into microwave photons. Uses an 8 
Tesla magnet and an RF cavity, and try to induce these axion-photon conversions

S.J. Asztalos et al., NIM A, Volume 656, Issue 1, (2011) 39

4.13 µeV axion
 

1 GHz photon

12/60

https://www.sciencedirect.com/science/journal/01689002/656/1
https://www.sciencedirect.com/science/journal/01689002/656/1


1) dark matter: wisps, ALP’s

ma unknown      frequency of optimal coupling unknown

Looking for the dark matter axion wind (galactic halo)

ADMX

on resonance, axion to photon conversion is enhanced
16 G. Rybka / Physics of the Dark Universe 4 (2014) 14–16

Fig. 3. Target reach of ADMX experiment. Axion parameter space already excluded
by the ADMX experiment is shown in blue, while space that will be explored in
one year of running with the dilution refrigerator is shown in green. The regions
labeled M1 and M2 correspond to the regions that will be explored in the TM010
and TM020modes respectively. Also shown are regions targeted by Low-Frequency
(LF) and High-Frequency (HF) R&D. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

to cavity experiments because of the lack of resonance, but at
the same time would operate over a much larger bandwidth. The
practicalities of such an experiment are still under study.

Some axion models favor extremely light axions in the neV
mass range and below, in contrast to the traditional micro-eV
mass range. Cavity experiments for this mass range would be
prohibitively large. However, axion dark matter in this mass
rangemay produce observable CP-violating effects, such as nuclear
electric dipole moments, that oscillate at audio frequencies [27].
Experiments that take advantage of this effect using NMR
measurement techniques are being considered [28].

6. Conclusions

Axions provide both a solution to the strong CP problem and
are a viable dark matter candidate. The ADMX experiment will
be exploring the most likely axion masses in the near future
and should be sensitive to scenarios where axions are only a
fractional part of the local dark matter halo. Meanwhile, other
experimental techniques are under development that may be
sensitive to unusual axionmasses ormodels. The axion darkmatter
hypothesis is testable, and future work promises to be able to
decide the matter.
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2Ea

axion-to-photon conversion p‘ =   g2a𝛾 (BL)2 _

1) dark matter: wisps, ALP’s

Looking for solar axions; coupling requires 90° between
axion momentum and B field: use (LHC) dipole magnets 

CAST

sin2(qL/2)
(qL/2)2

1
4

q = Δp(axion,photon) = 
m2a

ma < 0.02eV

extend range by filling magnet volume with dilute gas:

2Ea

m2
𝛾 -m2a

q = ma < 1.12eV

axion-mass independent limit, depends only on exposure

~

~
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1) dark matter: wisps, ALP’s CAST

Nature Physics vol 13, pages 584–590 (2017)

MAGNET COIL

MAGNET COIL

B field
A

L

Solar 

axion 

flux

γ

X-ray detectors

Shielding

X-ray op!cs

Movable pla"orm

Figure 1. Conceptual arrangement of an enhanced axion helioscope with x-ray focalization. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate x-ray
optics into a small spot area a in a low background detector. The envisaged implementation in IAXO (see
figure 2, includes eight such magnet bores, with their respective optics and detectors.

x-ray detectors. The magnet will be built into a structure with elevation and azimuth drives that will
allow solar tracking for ⇠12 hours each day. All the enabling technologies for IAXO exist, there
is no need for development. IAXO will also benefit from the invaluable expertise and knowledge
gained from the successful operation of CAST for more than a decade.

We refer to [32] for a description of the first motivation and the figure-of-merit study that
supports the IAXO concept. A detailed study of the physics potential of IAXO will be included
in a paper currently under preparation, although it can also be found in the Letter of Intent re-
cently submitted to CERN [33]. In the following sections we describe the different parts of IAXO,
focusing on the enabling technologies of the experiment. The toroidal superconducting magnet
is described in section 2. The IAXO x-ray focusing optics are described in section 3. The Mi-
cromegas low-background detectors are described in section 4. In section 5.2 the main features of
the experiment’s tracking platform, as well as potential additional equipment are briefly described.
Finally, we conclude with section 6.

2. The IAXO superconducting magnet

The outcome of the figure of merit (FOM) analysis [32] indicates the importance and need for a
new magnet to achieve a significant step forward in the sensitivity to the axion-photon coupling.
The design of the new magnet is performed with the magnet’s FOM (MFOM) in mind already
from the initial design stages. Since practically and cost-wise the currently available detector (i.e.
large scale) magnet technology is limited to using NbTi superconductor technology which allows
peak magnetic field of up to 5-6 T, the magnet’s aperture is the only MFOM parameter that can be
considerably enlarged. Consequently, the design of the magnet has started with the focus on this
parameter. The preliminary optimization study has shown that the toroidal geometry is preferred

– 4 –

ma (eV)

|g
a 𝛾

| (
G

eV
-1
)

laser experiments

1012-1013 GeV

107-108 GeV

104-105 GeV corres-
ponding
fa range

>> LHC

E(solar axion) ~ keV        X-rays

1 
 

1 Final Publication on Solar Axion Search 
An important milestone reached during this year was the publication of the results of the 2013-2015 
data-taking campaign, which can be considered for now as the final outcome of the CAST solar axion 
programme of the data taken until today. The paper remarked the increase in the sensitivity of the 
experiment with respect to previous campaigns, thanks to the installation of improved, low-back-
ground, Micromegas detectors and a new X-ray telescope, which has allowed CAST to probe, for the 
first time, the axion-photon coupling down to the most restrictive astrophysical bounds, given by the 
energy loss of horizontal branch (HB) stars. 
 
The significant improvement in the sensitivity to solar axions in the low-mass part below ~0.02 eV 
for the last run with evacuated magnet bores over the previous CAST results is presented in Figure 1. 
The use of Micromegas readouts built with the microbulk technique, out of copper and kapton, and 
patterned with 500 µm pixels interconnected in x and y-directions, made possible a reduction of back-
ground that led to the best levels ( ~10-6 keV-1cm-2s-1 ) ever obtained in CAST. 
 

 
 
A clear highlight of the 2013-2015 campaign was the installation in the sunrise system of the first X-
ray telescope (XRT) designed and built specifically for axion physics and operated together with a 
Micromegas detector at its focal point. 
 
The point spread function (PSF) and effective area, i.e. throughput, of the XRT were calibrated at the 
PANTER X-ray test facility at MPE in Munich in July 2016. These calibration data were incorporated 
into Monte Carlo geometric ray-trace simulations to determine the expected 2D distribution of solar 
axion-induced photons, that is shown in Figure 2. Although there is a slight energy dependence on 
the PSF - the XRT focuses better at higher x-ray energy - more than 50 % of the flux is always 
concentrated in a few mm2 area, effectively reducing the background to levels down to ~0.003 
counts/h. In addition, the combined XRT and detector system was regularly calibrated in CAST using 
an X-ray source placed ~12 m away from the optics at the sunset side of the magnet. One such cali-
bration is shown in Figure 2 together with the expected 2D distribution from the ray-trace simulation. 

Figure 1: Comparison between the 2003-2011 and the 2013-2015 (labelled `this work') 
CAST exclusion regions in the ma - gaJ�-plane. 

1132.6 hour of exposure
(2013-2015) 
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1) dark matter: wisps, ALP’s IAXO

M. Pivaroff, LLNL-PRES-676942 (TAUP 2015 conference)
LLNL-PRES-676942 18/20 Pivovaroff      TAUP 2015 

IAXO sensitivity prospects 

J.K.Vogel et al., Physics Procedia 61 ( 2015 ) 193 – 200
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1) dark matter: wisps, ALP’s OSQAR

Markus Kuster - Selbst erstellt, CC BY-SA 3.0, 
https://de.wikipedia.org/w/index.php?curid=4806651

ALPS-III

 Signal ~ g4a𝛾

FIG. 2. (a) Simple photon regeneration to produce axions or axion-like particles. (b) Resonant

photon regeneration, employing matched Fabry-Perot cavities. The overall envelope schematically

shown by the thin dashed lines indicates the important condition that the axion wave, and thus

the Fabry-Perot mode, in the photon regeneration cavity must follow that of the hypothetically

unimpeded photon wave from the Fabry-Perot mode in the axion generation magnet. Between the

laser and the cavity are optics (IO) that manage mode matching of the laser to the cavity, imposes

RF sidebands for reflection locking of the laser to the cavity, and provides isolation for the laser.

The detection system is also fed by matching and beam-steering optics. Not shown is the second

laser for locking the regeneration cavity and for heterodyne readout.

propagation, is given by (~ = c = 1)

P =
1

4
(ga��B0

L)2. (1)

This equation is written for the e↵ect in vacuum and for the case where the di↵erence

between the axion and photon momenta q = m2

a/2! is small compared to 1/L. The axion

to photon conversion probability in this same region is also equal to P .

A number of photon regeneration experiments have reported results [59–66], with the

best limits [66] being ga�� < 6.5 ⇥ 10�8 GeV�1. None of these experiments used cavities

on the photon regeneration side of the optical barrier; recycling on the production side has

been used in two [59, 65].

Photon regeneration is enhanced by employing matched Fabry-Perot optical cavities,

Fig. 2(b), one within the axion generation magnet and the second within the photon regen-

eration magnet [50–52]. The first cavity, the axion generation cavity, serves to build up the

electric field on the input (left) side of the experiment. It is easy to see that when the cavity

13
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1) dark matter: paraphotons, chameleons

Sources and Sizes of Kinetic 
Mixing

• If absent from fundamental theory, can still be 
generated by perturbative (or non-perturbative) 
quantum effects 
– Simplest case: one heavy particle ψ with both EM 

charge & dark charge

13

1
2�Y FY

µ�F
0µ�

generates ✏ ⇠ e gD
16⇡2

log

m 

M⇤
⇠ 10

�2 � 10

�4

A0γ 
ψ

e gD

kinetic mixing:

via one heavy 
particle ψ with both 
EM  charge e & 
dark charge gD

https://arxiv.org/pdf/1311.0029.pdf

B. Holdom, Phys. Lett. B 166 (1986) 196

again, add a U(1) symmetry to the SM       new Abelian U(1) gauge boson A’ 
that couples very weakly to electrically charged particles with coupling 
strength α’=ϵ2αem,  αem = 1/137

http://inspirehep.net/record/1338147/files/Pages_from_C14-03-15--1_219.pdf?version=1

The attractiveness of dark photons is that they allow self-interacting DM;
they are the gauge bosons of new U(1) symmetries

Since the dark photon mixes with SM photon, Aʹ′ can be produced by a similar mechanism 
that can generate SM photons, but with reduced rate, determined by mAʹ′ and ε.

18/60

https://arxiv.org/pdf/1311.0029.pdf
https://arxiv.org/pdf/1311.0029.pdf
https://arxiv.org/pdf/1311.0029.pdf
https://arxiv.org/pdf/1311.0029.pdf
http://inspirehep.net/record/1338147/files/Pages_from_C14-03-15--1_219.pdf?version=1
http://inspirehep.net/record/1338147/files/Pages_from_C14-03-15--1_219.pdf?version=1


1) dark matter: paraphotons, chameleons

all these states have very similar experimental signatures;  only the 
interpretation of (the absence of) a signal depends on the type of 
particle being looked for

expansion of the Universe:

     violations of the Equivalence Principle (EP)

“chameleons” avoid this by having a density-dependent mass M (tiny in vacuum)

bounds from current tests of EP compatible with M < O(10-3 eV))
J. Khoury & A. Weltman, Phys. Rev. D 69, 044026 (2004)

Chameleons, like axions, can be detected by the inverse 
Primakoff effect inside a transverse magnetic field

massless scalar field that couples to matter with gravitational strength   
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Fig. 12. The exclusion region for chameleons in the βγ –βm plane, achieved by CAST 
in 2013 (purple). We show the bounds set by torsion pendulum tests (in green) [25], 
neutron interferometry measurements (lilac) [26], CHASE (pale orange) [12] and 
collider experiments (yellow) [30]. The forecasts of the atom-interferometry tech-
nique [27] and the astronomical polarisation [28] are represented with lines.

Table 2
Upper limit on βγ derived at CAST for different val-
ues of the index n which defines the chameleon 
model.

index n βγ at 95% CL

1 9.26 × 1010

2 9.21 × 1010

4 9.20 × 1010

6 9.19 × 1010

Higher values of n could be envisaged but would not alter 
the physical picture discussed here (see [7] for a discussion of 
the n = 4 case). Our results are to a large extent insensitive to n
(Table 2), provided we are only interested in the region of param-
eter space below the resonance in the matter coupling.

We studied the uncertainties in the assumptions for the solar 
model and their effect on the CAST result. If for example the solar 
luminosity bound is reduced by a factor 10, βsun

γ is reduced by 
a factor 101/2, whilst βγ remains constant, resulting in a weaker 
limit relative to the solar luminosity bound. Rather conservatively, 
the details of the radial field strength and its distribution at the 
tachocline may affect the βγ limit by a factor of 1.6 (Table 1). 
For the uncertainty on the magnitude of the magnetic field at the 
tachocline we have considered a range from 4 to 25–30 T, which 
produces an uncertainty in βγ of a factor of about 1.6 up and down 
respectively (Fig. 11).

All in all, we find that the chameleon parameter space has been 
significantly reduced. Additional CAST data with the InGrid de-
tector and an X-ray telescope will improve the photon coupling 
sensitivity beyond the solar bound in the near future. In parallel 
CAST is developing a detection technique which exploits the cou-
pling of chameleons to matter. Chameleons of solar origin, focused 
by an X-ray telescope on CAST, can be directly detected by a radi-
ation pressure device [29].

9. Conclusions

CAST has made a first dedicated sub-keV search for solar 
chameleons based on the Primakoff effect. This search, running in 
a vacuum configuration using a readily-available apparatus, did not 
observe an excess above background and has set a limit for the 
coupling strength to photons which for n ≥ 1 excludes a new re-
gion of parameter space covering 3 orders of magnitude in matter 

coupling and reaches down to the level of photon coupling cor-
responding to both the 10% solar luminosity bound and also the 
limit derived by CHASE.
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Figure 1. Constraints on the kinetic mixing, �, of hypothetical hidden photons with ordinary
photons, as a function of the hidden photon mass. References are CMB [10, 11], Coulomb [14],
ALPS [18], Spectroscopy [15], Sun-T, Sun-L, HB, RG [47–49], CAST [50], Xenon10 [51], SHIPS [67]
and HP DM decay and cosmology [22]. Also shown are the prospects for the ALPS-IIb experiment [52].

directly accessible DM candidates but they have become the prototypical force mediator in
particle models where DM is self-interacting [30], which has triggered enormous attention in
the intensity frontier of particle physics [31]. These particles appear as gauge bosons of new
U(1) symmetries, which are the simplest extensions of the standard model of particle physics
and appear copiously in its most ambitious extension, string theory [32–45].

In a huge region of parameter space, the most powerful laboratory to constrain the HP
properties is the Sun, see exclusion regions labelled Sun-L and Sun-T in figure 1. Photons
inside of the Sun can oscillate into HPs and leave it unimpeded, thus draining energy very
e�ciently. Since this energy must come from nuclear reactions, the temperature of the solar
core tends to be hotter in models with HP emission, with the consequently higher neutrino
flux from nuclear reactions and distorted sound speed profile. The agreement between solar
models and the observations of the flux of Boron neutrinos can be used to constrain the emis-
sion of low mass bosons [46] and in particular the HP and its parameters [47]. Even stronger
constraints arise from a recent global fit of helioseismology data and neutrino fluxes with real-
istic solar models perturbed by HP emission [48]. It is intriguing that constraints from other
stelar systems — stronger for axions — are not as strong for small mass HPs [21, 47, 49].

Very powerful constraints come from trying to detect the flux of solar HPs in Earth-
bound experiments, which we generically call helioscopes. In the sub-keV mass range, the
emission of HPs proceeds mostly through resonant oscillations [50] and is dominated by

– 2 –

chameleons dark photons

1 MeV
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Hidden sector searches with SHiP and NA62 Philippe Mermod

1. Introduction

The LHC experiments have been running for several years without finding new physics at the
TeV scale. A complementary approach is to probe the presence of new particles at lower energy
scales with couplings to the Standard Model so weak that they have escaped detection in previous
searches. In models with hidden sectors, there are many well-motivated candidates which could be
produced at high-intensity beams through various portals [1], such as axions, dark photons, dark
scalars, and right-handed neutrinos (hereafter termed heavy neutral leptons, or HNLs).

Figure 1: Left: summary of the particle states in the Standard Model, indicating left-handed and right-
handed fermions separately. All particles in this table have been experimentally observed. Right: three
right-handed neutrinos N1,2,3 are added and given Majorana masses below the electroweak scale to solve the
problems of neutrino masses, matter-antimatter asymmetry in the Universe, and dark matter [2].

Remarkably, the hypothesis of three HNLs with Majorana masses below the electroweak scale
in combination with CP violation in the neutrino sector can at once explain neutrino masses through
the seesaw mechanism, explain the excess of matter over antimatter in the Universe through lepto-
genesis, and provide a valid candidate for dark matter [2, 3] (see Fig. 1). HNLs would interact only
via gravitation and a tiny mixing to neutrinos. This means that HNL production in a laboratory
would only be possible at the highest beam intensities [4] and HNLs would typically have long
lifetimes, leading to a signature of a displaced decay.

The high-intensity 400 GeV proton beam of the CERN SPS provides a suitable facility for
producing high yields of hadrons which could decay into hidden particles. To uncover these, the
identification of decay vertices in experiments such as NA62 and SHiP provides powerful search
strategies.

2. NA62 in beam mode

In usual operation, the NA62 experiment [5] makes use of the SPS proton beam on a target to
produce a collimated mixed beam of positively charged pions (p+), kaons (K+) and protons (p) of
75 GeV momentum. A kaon tagger detector (KTAG) is used to identify the presence of individual
K+ particles inside the beam. A vacuum vessel starting around 100 m downstream of the target
serves as a decay volume and contains the main tracking system made of straw tubes that operate
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The νMSM, Dark Matter and Baryon Asymmetry of the Universe

1) dark matter: HNL (incl. sterile neutrinos)

νMSM = SM + 3 right-handed HNLs
Takehiko Asaka, Mikhail Shaposhnikov, Phys. Lett. B 620 (2005) 17, https://arxiv.org/abs/hep-ph/0505013

• neutrino masses (see-saw mechanism)
• baryon excess 
  (if CP violation in neutrino sector)
• dark matter candidate
Dark matter sterile neutrino is likely to 
have a mass in the O(few) keV region;
can be searched for in particle physics 
experiments by detailed analysis of the 
kinematics of β decays of different 
isotopes or K decays https://arxiv.org/pdf/0705.1729.pdf

F. Bezrukov and M. Shaposhnikov, Phys. Rev. D
75 (2007) 053005 [arXiv:hep-ph/0611352].

2- /3-body decays 
K±→μ±N, 
K±→e±N

KL,S→π±e∓N

look for the decays 
of neutral leptons 
inside a detector 

Hidden sector searches with SHiP and NA62 Philippe Mermod

Figure 2: Outline of the NA62 experiment in beam mode [5], for reconstructing kaon decays.

in vacuum, as illustrated in Fig. 2. Further detectors allow precise reconstruction and identification
of the K+ decay products.

Figure 3: Kaon decay into a muon and an HNL. In the NA62 search in beam mode, the HNL escapes
detection and its mass is reconstructed using the muon and kaon kinematics.

Leptonic K+ decays produce a neutrino which can potentially mix with an HNL with mass up
to 0.45 GeV, as illustrated in Fig. 3. NA62 is capable of measuring the kinematics of the charged
lepton from the K+ decay with high precision. The KTAG detector ensures that the mother particle
is a 75 GeV K+ to further constrain the two-body decay kinematics, allowing to reconstruct the
mass of the neutrino. Using this technique, searches were made using 6 ·107 and 3 ·108 K+ decays
in the muon and electron channels, respectively. No excesses over backgrounds were seen in the
neutrino mass distributions, allowing to set limits in the coupling strength U2 (mixing with nµ ) in
the range 10�5 �10�6 in the mass range 0.3�4.5 GeV [6], and preliminary limits in U2 (mixing
with ne) the range 10�6�10�7 in the mass range 0.16�4.5 GeV. These limits are competitive when
considering searches in which no assumptions are made about the HNL decays, while searches in
dump mode in which HNL decays are identified explicitly provide stronger constraints in this mass
range [7].

Hadronic K+ decays with a p0 in the final state such as K+ ! p+p0 can be used to search
for dark photons. In this case, one of the gs from the p0 decay is assumed to mix with a dark
photon and the dark photon mass can be reconstructed from the kinematics of the K+, p+ and g .
Preliminary results using 5% of the 2016 dataset constrain unexplored regions of the parameter
space for dark photon masses around 0.1 GeV [8]. The sensitivity will further improve as more
data are analysed.

2
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3. NA62 in dump mode

Figure 4: Typical processes by which an HNL is produced through charmed hadron decay (left) and decays
back into charged particles after some distance (right). The decay can be reconstructed as a displaced vertex
in NA62 in off-target mode or in SHiP.

A promising strategy to search for HNLs with masses of the order of the GeV is production
through hadron decays at high-intensity proton beam-dump facilities. Searches of this type can
access HNL masses up to 2 GeV using charmed hadron decays with reconstruction of the HNL
decay at some distance from the interaction point (see Fig. 4). The best constraints to date in
the mass range 0.45�2 GeV were obtained using this technique with the CHARM experiment at
CERN [9] and the NuTeV experiment at Fermilab [10].

NA62 can be operated in so-called dump mode by lifting the target and letting the beam im-
pinge directly on the Cu collimator placed 20 m downstream of the target. This operation does not
disrupt the setup, thus allowing to switch easily back to beam mode. A test run was performed in
dump mode with 2 · 1015 protons on target to study backgrounds which could fake vertices in an
HNL search. In this test, HNL candidates were selected by using vertices made of opposite-charge
tracks within a 1 ns window, and the reconstructed points of origin of the HNL candidates were
found to be at a distance larger than 5 cm from the interaction point, thus failing to enter the signal
region. The backgrounds are dominated by muons produced upstream of the vessel and can be
further rejected by adding an upstream veto detector to the NA62 setup.

These tests provide confidence that a dedicated HNL search at NA62 in dump mode can access
regions of the parameter space beyond the limits sets by the CHARM and NuTeV experiments,
as shown in Fig. 5 – here assuming dominant HNL mixing to muon neutrinos, detection of all
two-track final states with consideration of geometrical acceptance and trigger efficiency, zero
backgrounds, and a dataset corresponding to 1018 protons on target [8]. Likewise, NA62 in dump
mode can also probe dark photons in regions of the parameter space beyond previous constraints.
The aim is to accumulate 1018 protons on target during 3 months of dedicated data taking in 2021�
2023.

4. The SHiP experiment

SHiP is a general-purpose fixed-target facility proposed at the CERN SPS to search for par-
ticles with very low couplings to the Standard Model [16, 17, 18]. The 400 GeV proton beam
extracted from the SPS will be dumped on a high density target with the aim of accumulating
2⇥1020 protons on target during 5 years of operation. It will produce a large number of neutrinos
through hadron decays, following the same principle as described in Section 3. In particular, neu-
trinos from decays of hadrons containing c or b quarks can potentially mix with HNLs with masses

3

Mπ < MN < MD MD < MN < MB
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Dump 
Any kind of feebly-interacting 

long-lived particle  

Dark scalars 

A’ 
HNL Muons 

Neutrinos 

A setup with long decay volume allows for probing low values of couplings 
(as the lifetime of hidden-sector particles ~ 1/coupling2) 
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All beam-induced backgrounds are stopped but muons and neutrinos   
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NA62 sensitivity with ~1018 400-GeV PoT running in “dump” mode 
 
•  Fully reconstructed 2-track final states 
•  All HNL decays, close and open channels 
•  Include trigger/acceptance/selection efficiency 
•  Assume zero-background 
•  Evaluate expected 90% C.L. exclusion plots 
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1) dark matter: at fixed target experiments NA62

• DM-SM interactions feeble: ultra-suppressed production rate, very long lived

• requires high intensity, high energy beam for production

• requires long fiducial decay volume and subsequent excellent PID
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1) dark matter: at fixed target experiments NA62The NA62 Detector 
[NA62 Detector Paper, 2017 JINST 12 P05025] 

 SPS proton beam on Be target:  
•  400 GeV/c, 3×1012/spill 
•  ~1018 protons on target/year 

4 

Ø  Secondary un-separated hadron (π+/K+/p) beam 
Ø  800MHz beam rate @GTK (45MHz K+ component) 
Ø  K+: 75GeV/c (±1%), divergence < 100µrad 
Ø  Kaon fiducial decay region ~60 m  

Z [m]	

Angela Romano, RKF2018, 21-02-2018 

The NA62 experiment 

NA62 

Birmingham, Bratislava, Bristol, Bucharest, CERN, Dubna (JINR), Fairfax, Ferrara, Florence, Frascati, 
Glasgow, Lancaster, Louvain-la-Neuve, Mainz, Merced, Moscow (INR), Naples, Perugia, Pisa, Prague, 

Protvino (IHEP), Rome I, Rome II, San Luis Potosi, SLAC, Sofia, TRIUMF, Turin, Vancouver (UBC)	

High precision fixed-target Kaon experiment at CERN SPS 
Highest energy proton beam delivered for fixed-target exp in the world 

3 

NA62 Beam line & detectors  

ECN3 Experimental Area 

Angela Romano, RKF2018, 21-02-2018 

• 800 MHz beam rate @ GTK (K+ @ 75 GeV/c, 45MHz)
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NA62 sensitivity with ~1018 400-GeV PoT running in “dump” mode 
 
•  Fully reconstructed 2-track final states 
•  All HNL decays, close and open channels 
•  Include trigger/acceptance/selection efficiency 
•  Assume zero-background 
•  Evaluate expected 90% C.L. exclusion plots 
  

Angela Romano, RKF2018, 21-02-2018 

• hermetic photon veto: 10-8 rejection of π0   γγ (Eγ>40 GeV)
• excellent timing O(100ps), PID, kinematics

well suited to searching for MeV-GeV particles feebly 
coupled to SM via direct detection of long-lived particles 
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1) dark matter: at fixed target experiments NA62

TAX1-2 = 3.2 m Cu/Fe ~ 22 λI = beam dump

Heavy Neutral Lepton (HNL) 
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•  All HNL decays, close and open channels 
•  Include trigger/acceptance/selection efficiency 
•  Assume zero-background 
•  Evaluate expected 90% C.L. exclusion plots 
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τX ~ 1/coupling2 
long decay volume probes 
low values of coupling

•  Be target can be moved away 
•  Proton beam impinges on TAX1-2 (PoT) 
•  TAX1-2 can act as a beam “dump”: 3.2 m of Cu + Fe, ~22λI 

•  Production of HNLs, Dark Photons, Dark Scalars and ALPs from charm, 
beauty and photons produced in the interaction of protons with the dump 

•  1018 PoT/nominal year: 1012 PoT/sec on spill, 100 days/year  
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NA62 “Dump” Operation Mode 

High-intensity 
400 GeV/c 
proton 

TAX1-2 HNL 

A’ 

Dark Scalar 

Any kind of feebly-interacting long-lived particle 

NA62 kaon or proton “dump” modes are easily switchable in current setup   
Angela Romano, RKF2018, 21-02-2018 
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SPS proton 
400 GeV/c 

target 

K, D, B 
photons, 
neutrons, protons, π 
muons from K/π 
decays 
and light resonances, 
neutrinos, etc.. 

K, B, Bs, D, Ds → lepton HNL 
K, B, Bs, D, Ds → semi-leptonic modes 

At SPS energies: 
σ (pp → s sbar X) ~ 0.15 
σ (pp → c cbar X) ~ 2 10-3 

σ (pp → b bbar X) ~ 1.6 10-7 

K, D, B 

Lepton 

HNL 
π 

Lepton 

Heavy neutrino couplings 
enter both in production and 

in decay (~ U4 process) 
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SPS proton 
400 GeV/c 

target 

K, D, B 
photons, 
neutrons, protons, π 
muons from K/π 
decays 
and light resonances, 
neutrinos, etc.. 

At SPS energies: 
σ (pp → s sbar X) ~ 0.15 
σ (pp → c cbar X) ~ 2 10-3 

σ (pp → b bbar X) ~ 1.6 10-7 

Photon 

!↑+  

Dark photons 

Photon produced in light meson 
resonances, bremsstrahlung, and 

QCD processes. 
Search for massive particle mixing 

with the photon and decaying to 
visible final states (e+ e- , µ+µ-, etc.) 

A’ !↑−  
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NA62 @ Physics Beyond Colliders 

NA62 Data taking in 2021-2023 (Run 3) 

A rich field to be explored with minimal upgrades to the present setup:  
1.  run for refining Kπνν measurement 
2.  present K+ setup: unprecedented LFV/LNV sensitivities from K+/π0 

3.  run in “beam-dump” mode with NP searches for MeV-GeV mass hidden-
sector candidates: HNLs, Dark Photons, ALPs, etc. 

Run 3 goal: integrate at least 1018 PoT in “dump” operation mode(*) 

(*) “dump” data taking distributed in 3 years, without disruption for the kaon mode operation 
Angela Romano, RKF2018, 21-02-2018 

NA62

NA62  
Expected Sensitivities 
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DISCLAIMER: 
Following sensitivity plots show projections based on toy simulations. 

The validation with NA62 fully integrated MC is ongoing. 

Angela Romano, RKF2018, 21-02-2018 
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sector candidates: HNLs, Dark Photons, ALPs, etc. 
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Dark Photon 
NA62 sensitivity with ~1018 400-GeV PoT running in “dump” mode 
 
•  Fully reconstructed 2-track final states 
•  Search for displaced, di-lepton decays of DP (A’ à ee,µµ) 
•  Include trigger/acceptance/selection efficiency 
•  Assume zero-background 
•  Evaluate expected 90% C.L. exclusion plots 
  

Projections consider only           
A’ production in Be target 

 
Sensitivity expected  

to be higher when including: 
•  Direct QCD production of A’  
•  A’ production in the TAX 
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NA62 Data taking in 2021-2023 (Run 3) 

A rich field to be explored with minimal upgrades to the present setup:  
1.  run for refining Kπνν measurement 
2.  present K+ setup: unprecedented LFV/LNV sensitivities from K+/π0 

3.  run in “beam-dump” mode with NP searches for MeV-GeV mass hidden-
sector candidates: HNLs, Dark Photons, ALPs, etc. 
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NA62
1018 p.o.t.

1 MeV

27/60



21 

Axion-like Particle (ALP) 
NA62 sensitivity with 1.3 x 1016 (3.9 x 1017)  400-GeV PoT corresponding to  

1 day (1 month) of runs in “dump” mode 
 
•  study ALP production via Primakoff effect  [JHEP 1602 (2016) 018] at target  
•  search for ALP à γγ in NA62 fiducial volume, account for geometrical acceptance  
•  Assume zero-background, evaluate expected 90% C.L. exclusion contours 
  

NA62: 
(*) 1.3 x 1016 (~1 day ) 

(**) 3.9 x 1017 (~1 month) 
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NA62 Data taking in 2021-2023 (Run 3) 

A rich field to be explored with minimal upgrades to the present setup:  
1.  run for refining Kπνν measurement 
2.  present K+ setup: unprecedented LFV/LNV sensitivities from K+/π0 

3.  run in “beam-dump” mode with NP searches for MeV-GeV mass hidden-
sector candidates: HNLs, Dark Photons, ALPs, etc. 

Run 3 goal: integrate at least 1018 PoT in “dump” operation mode(*) 

(*) “dump” data taking distributed in 3 years, without disruption for the kaon mode operation 
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ALP production from TAX in NA62 

The projected limits fold as input:	

1. the differential cross-section for production	
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Hidden sector searches with SHiP and NA62 Philippe Mermod

Figure 5: Estimates of experimental sensitivities to HNLs at NA62 in dump mode and SHiP, in the coupling
strength (U2 for mixing to nµ ) vs. mass plane. Direct [7, 9, 10, 11, 12] and indirect [13, 14] experimental
limits are indicated as dashed lines. Details about the LHC projections are given in Ref. [15].

up to 5 GeV. The charm production at SHiP, with an expected total of ⇠ 5 ·1016 neutrinos produced
in charm decays, largely surpasses that of any other existing or planned facility, allowing to probe
very small coupling strengths and resulting in the HNLs, if produced, to travel very large distances
until they decay.

Figure 6: Current design of the SHiP experiment.

In its current design, SHiP comprises a target followed by a hadron absorber, a muon shield, a
50 m long, 5�10 m wide decay volume and a set of detectors for track reconstruction and particle

4

Philippe Mermod, arXiv:1712.01768v1 [hep-ex] 5 Dec 2017

SHiP
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SPS proton 
400 GeV/c 

target 

“Dump” mode 

Dump 
Any kind of feebly-interacting 

long-lived particle  

Dark scalars 

A’ 
HNL Muons 

Neutrinos 

A setup with long decay volume allows for probing low values of couplings 
(as the lifetime of hidden-sector particles ~ 1/coupling2) 

Hidden Sector Particle at NA62 

All beam-induced backgrounds are stopped but muons and neutrinos   

Angela Romano, RKF2018, 21-02-2018 
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2) broken* symmetries?

look at the following symmetries: 

     LFV 
     CPT 
     WEP
     Lorentz invariance

* νMSM is a potential solution to the baryon asymmetry of 
the Universe, by moving the problem to the lepton sector; 
alternatively, CP, but no sign of baryon number violation yet/
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E. Widmann

Type II: “Model” for CPTV: standard 
model extention SME

• Spontaneous Lorentz symmetry breaking by (exotic) string vacua

• Note: there is a preferred frame, sidereal variation due to earth
  rotation may be detectable

CPT & Lorentz violation

Lorentz violation

Modified Dirac eq. in SME

45

CPT is part of the “standard model”, but the 
SM can be extended to allow CPT violation

fundamental symmetries:  CPT, Lorentz invariance

Phys. Rev. D 55, 6760–6774 (1997)
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§ General relativity is a classical (non quantum) theory;

§ EEP violations may appear in some quantum theory

§ New quantum scalar and vector fields are allowed in some models
(Kaluza Klein ….)

§ These fields may mediate interactions violating the equivalence principle
M. Nieto and T. Goldman, Phys. Rep. 205, 5 221-281,(1992)

V = ‒ ― m₁m₂ ( 1∓ a e   + b e    )-r/vG -r/s∞
r

Phys. Rev. D 33 (2475) (1986)

Einstein field: tensor graviton (Spin 2, “Newtonian”)

+ Gravi-vector (spin 1)

+ Gravi-scalar (spin 0)

fundamental symmetries:  WEP

Cancellation effects in matter experiment  if a ≈ b and v ≈ s
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antimatter experiments (all at CERN)

precision 
antiproton 

measurements
q, m, µ

ATRAP, BASE

precision 
antihydrogen & 

antiprotonic atom
spectroscopy

ALPHA, ATRAP,
ASACUSA

gravity 
w/ antihydrogen 
and other antimatter-

containing systems

AEgIS, ALPHA, 
GBAR

_

fundamental symmetries:
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spectroscopy / ALPHA / antihydrogen formation

precision 
antihydrogen & 

antiprotonic atom
spectroscopy

ALPHA, ATRAP,
ASACUSA
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T. Hänsch et al.,
Phys. Rev. Lett. 84, 
5496–5499 (2000)

N. F. Ramsey, 
Physica Scripta T59, 
323 (1995)

HYDROGEN ANTIHYDROGEN

experimentally:

~few 10-15

Parthey, C. G. et al. 
Phys. Rev. Lett. 107, 
203001 (2011)
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e+

p
_

G. B. Andresen et al., Nature 468, 673–676 (02 December 2010)

(TH <0.5K)
_

ALPHA: antihydrogen formation & trapping

3-body recombination

vH ~ ve+ (TH >> Te+)
_ _

continuous process

trapping in B-field gradient
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ALPHA: antihydrogen hyperfine splitting

HFSH = 1,420.4 ± 0.5 MHz

M. Ahmadi et al., Nature 548, 66–69 (03 August 2017)
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M. Ahmadi et al., Nature 557, 71–75 (2018)

ALPHA: antihydrogen precision spectroscopy

initial population 50:50 1Sc and 1Sd

count 1Sd  population: 2𝛾 excite into 2Sd

• photo-ionize 2Sd with 3rd 𝛾
• decay into (untrapped) 

count 1Sc  population: µwave into 1Sb

count remaining 1Sd  population: dump

1S-2S to 10-12

-300 -200 -100 0 100 200 300
Detuning (kHz at 243 nm)
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testing gravity with antimatter

gravity 
w/ antihydrogen 
and other antimatter-

containing systems

AEgIS, ALPHA, 
GBAR

_
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ANTIHYDROGEN HYDROGEN

experimentally:
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P1: GAD

General Relativity and Gravitation (GERG) PP1066-gerg-477708 January 2, 2004 15:54 Style file version May 27, 2002

564 Walz and Hänsch

Figure 1. Orders of magnitude relevant for gravitational experiments

with antihydrogen. The scale on the bottom gives the spread of vertical

velocities, 1 σ =
√
kT/m, which corresponds to the temperature axis

in the middle. The height kT/2mg to which antihydrogen atoms can

climb against gravity is shown on the upper scale.

Antihydrogen atoms in a magnetic trap can be cooled further using laser

radiationon the strong1S–2P transition [15–17]which is at 121.6 nmwavelength in

the vacuum-ultraviolet spectral region. Producing laser radiation in thiswavelength

range at Lyman-α is a considerable challenge. Using a pulsed Lyman-α source,

laser-cooling of ordinary hydrogen atoms in amagnetic trap has been demonstrated

down to temperatures of 8mK [29]. Recently we have build the first continuous

laser source for Lyman-α radiation which might eventually improve laser-cooling

of trapped antihydrogen atoms [30, 31]. Nevertheless, there are limits for laser

cooling, one of which is due to the finite selectivity of the cooling force in velocity

space. This “Doppler limit,” kBTDoppler = h̄γ /2, is related to the natural linewidth,

γ = 2π · 99.5MHz, of the transition. For antihydrogen, TDoppler = 2.4mK. The

other limit is due to the photon recoil, kBTrecoil = h̄2k2/m, where k = 2π/λ. Laser

cooling of antihydrogen is thus eventually limited to Trecoil = 1.3mK [15]. Note

that these limits are fairly high, compared to those for other (alkali) atoms which

are common for laser cooling. This is due to three reasons. First hydrogen is a

very light atom, second the cooling transition is at a rather short wavelength and

third the cooling transition is rather strong, i.e. it has a large natural linewidth.

Nevertheless, laser-cooling of antihydrogen will certainly help a lot, in particular

for CPT tests. But for experiments in antimatter gravity the corresponding vertical

heights in the range of meters might still be somewhat too large to be practical.

the importance of working at low temperature

current lowest H 
temperature (0.5K)

_

spectroscopy gravity

(light atom, short 
     wavelength)
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Ps*
e-

charge exchange

pulsed process

vH ~ vp   (TH = Tp)
_ __ _

e+
p
_

AEgIS
_

GBAR

Ps* + p → H + e-
__ *

e+

p
_

(5kV)

Ps + p → H + e-
__

Ps + H → H + e-
__

+

launch horizontally;
measure parabolic trajectory

sympathetic cooling with Be+
photodetach e+; measure tdrop
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AEgIS
_

positronium excitation

1  →  3   →  continuum205 nm 1064 nm

o-Ps (142 ns)

3P excitation line centered at 205.05±0.02 nm

6

FIG. 6. SSPALS spectra of Ps into vacuum with UV+ IR
lasers OFF in black, and laser UV+ IR ON (205.05 nm + 1709
nm) in dark gray. Shown spectra are composed by averaging
40 single shots. Area between 300 ns (vertical dashed line)
and 600 ns from the prompt peak has been considered for
evaluation of S for Rydberg levels (see text).

FIG. 7. Scan of the S parameter as defined in the test versus
the IR wavelength in air in the range n = 15...18. The clearly
identifiable peak, associated to the transitions to n=15, has
been fitted with a gaussian. For n > 16, lines are no more
clearly separated due to the excessive broadening. Horizontal
error bars only account for the statistical uncertainty; vertical
error bars display the error from the average per measurement
set.

The wavelength of the IR pulse was measured at the
beginning of each set of 15 measurements (per wavelength
point in the scan) inserting in the (already aligned) laser
line a 1 cm lithium niobate doubling crystal. Its accep-
tance bandwidth in the range 1650 � 1720 nm is 2⇡⇥
800 - 1000 GHz, broader than the bandwidth of the IR
pulse, which lies within the interval �IR = 2⇡⇥ 85 -
106 GHz, depending on the mutual OPA crystals align-
ment. The second harmonic generated was sent to a

commercial Thorlabs CCS175 spectrometer. The phase-
matching angle of such crystal was optimized for each
wavelength used in the scan by maximizing the outgo-
ing beam intensity, in order not to incur in systematics
e↵ects related to limiting crystal acceptance angle. The
CCS175 spectrometer was used during the data taking
with its original factory calibrations. At the end of the
measurement campaign, a spectrum of a mercury lamp
was acquired with high statistics, using the same set of
calibration coe�cients. Five mercury lines in the range
541-707 nm were clearly identified. Together with the
theoretical position of the first two YAG lines (531.91 nm
and 1064.82 nm), these Hg peaks were used to fit a linear
model to the NIST (National Institute of Standards and
Technology) reference values for mercury in air. A shift
in the measured wavelengths in the range 532-1064 nm
versus the reference NIST lines of 1.14 ± 0.86 nm was
observed, while on the contrary the angular coe�cient of
the spectrometer was found compatible with unity within
the statistical sensitivity. The statistical uncertainty for
a single measurement in this wavelength range was found
to be very close to the spectrometer specifications (0.57
nm measured versus 0.6 nm declared by manufacturer),
even if its resolution of 6 px/mm would suggest a higher
accuracy.
The IR laser spectrum is slightly non-symmetric

around the peak wavelength due to slightly di↵erent
phase-matching angles of the OPA crystals. We con-
sidered the weighted average of the spectral data (after
being corrected according to the linear model obtained
from calibration) as central wavelength for showing the
data. This choice is motivated by the narrow IR laser
bandwidth (�IR = 2⇡⇥ 85 - 106 GHz) compared to the
observed k�v ⇡ 2⇡⇥ 470 GHz linewidth of n = 3. We
expect the n = 15 level to be even more broadened than
n = 3 due to the added contribution from the motional
Stark e↵ect [49], almost negligible at low excited states.
Despite this significant broadening of the Rydberg

lines, we observed the n = 15 transition clearly isolated;
for higher states, di↵erent n-manifolds start to overlap
in a continuum of energy levels [49]. This is shown in
Fig. 7, which reports experimental data together with a
Gaussian fit of the Rydberg n = 15 line. The resulting
peak wavelength has been determined to be 1710.0± 0.6
nm (stat).
Contrary to the spectroscopic survey carried out in

Ref. [8], our experiment is performed in a 600 V/cm
electric field. The zero field excitation line central value
for n = 15 is expected to be 1708.63 nm; hence our exper-
imental data shows a line shift of around 1.4 nm towards
higher wavelengths, about ten times greater than the
shift that can be evaluated by the presence of quadratic
Stark e↵ects.
The reason underlying this notable line shift is actu-

ally under investigation; a first suggested interpretation
involves a dynamical feature provoking an uneven dis-
tribution of the exciting lines in arbitrary external elec-
tric fields, due to uneven dipole strengths of the tran-

1  →  3   →  nS (τ ~ µs)205 nm 1700 nm

precision (QED) tests with Ps in future?



ALPHA: gravity measurement
M. Ahmadi et al., Nature Communications 4, Article number: 1785 (2013)

y

x

FH<110_F≡Mg/M
“... cooling the anti-atoms, perhaps with lasers, to 30 mK 
or lower, and by lengthening the magnetic shutdown time 
constant to 300 ms, we would have the statistical power to 
measure gravity to the F=±1 level ...“

dedicated apparatus being installed
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testing gravity with antimatter (other systems)

positronium (purely leptonic system) protonium (purely baryonic system)

• photo-ionize H
_

• charge exchange H + p
_

➞ H + e
_

➞ pp(40) + e
__

pulsed formation via co-trapped p and H
_ _

long-lived cold Rydberg protonium
trap / beam      

gravity measurement
precision spectroscopy (QCD)

➞
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Figure 1. H− photodetachment cross sections. Background without resonances
from Chuzhoy et al. (2007) fits to Wishart (1979; dashed); with resonances from
B. M. McLaughlin et al. (2010, in preparation; solid). The shape resonance just
above H(n = 2) is prominent at about 11 eV. A narrow Feshbach resonance
is evident below H(n = 2), and there are other less-prominent Feshbach
resonances below H(n = 3) near 12.8 eV. Also shown are blackbody spectra for
temperatures from 5000 to 100,000 K (dotted).

obtained after a number of oscillator strength sum rules are self-
consistently satisfied (B. M. McLaughlin et al. 2010, in prepara-
tion). The new cross section is in good agreement with the results
of the eigenchannel R-matrix study of the auto-detaching reso-
nances by Sadeghpour et al. (1992), and use of the latter would
not change the conclusions presented below.

In this Letter, we point out that the H− auto-detaching
resonances provide an additional contribution to the radiative
feedback considered by Chuzhoy et al. (2007), which should
be included in models of high-redshift halo evolution. In the
following section, we estimate the resonant contribution in three
high-redshift scenarios that are relevant to the reionization epoch
following the formation of the first stars.

2. RESONANT PHOTODESTRUCTION

To estimate the effect of the auto-detaching resonant contri-
bution to radiative feedback, we partition photodetachment into
the continuum background (b) and resonant (r) contributions.
If the rate due to the background is βb

3 and that due to the full
cross section is βr+b

3 , their ratio R gives the enhancement factor
due to the resonances only

R =
βr+b

3

βb
3

. (6)

Similarly, a ratio of H2 suppression factors can be written

Fr = Fr+b

Fb

=
1 + βr+b

3
nHk2

1 + βb
3

nHk2

, (7)

where Fr is the resonant contribution to H2 suppression. Here
we have followed the approach of Chuzhoy et al. (2007) and
neglected the mutual neutralization process (Equation (5)). For
any meaningful suppression of the rate of formation of H2, we
would expect the ratio β3/nHk2 ≫ 1, so that

Fr ≈ βr+b
3

βb
3

= R. (8)
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Figure 2. Photodetachment rate ratio, R, for a blackbody radiation field as
a function of effective temperature Teff (solid). As discussed in the text
R ∼ Fr , the enhancement factor due to the resonances. Also shown are the
photodetachment rates: using the Wishart (1979) cross section with a cutoff
energy of 13.6 eV (dotted), using the current cross section (B. M. McLaughlin
et al. 2010, in preparation) with the cutoff (dashed), and using B. M. McLaughlin
et al. (2010, in preparation) without the cutoff, i.e., a full blackbody (dot-dash).

This is the case if fiducial values of the ionization fraction (x)
and the fraction of escaping ionizing photons (fesc) are adopted
as in Equation (10) of Chuzhoy et al. (2007). Therefore, the
total H2 suppression factor is given by F = Fb × Fr , within the
approximations discussed above.

2.1. Pop III Radiation and Recombination

Radiation from Pop III stars will photoionize the primordial
gas in halos in which the stars are formed, and in the gas beyond.
The resulting protons recombine producing a spectrum whose
photons have energies less than 10.25 eV (case B recombination
for H), but greater than 0.755 eV. The negative feedback
proposed by Chuzhoy et al. (2007) is the photodetachment of
H− by the recombination photons, yielding a suppression factor
of Fb ∼ 800 (for x = 0.1, fesc = 0.1). The Pop III stars
also produce a blackbody continuum with a significant flux of
photons less than the Lyman limit (13.6 eV). Depending on the
mass of the Pop III star, inclusion of the blackbody spectrum as
a source of H− photodetachment could increase the suppression
by factors of 1.1 to ∼ 10 (see Figure 2 in Chuzhoy et al.),
increasing as the stellar effective temperature Teff decreases.
The suppression factor arising from the blackbody continuum
is enhanced compared to that due to the recombination photons
because as Teff is decreased, fewer photons contribute to H
photoionization, but the Planck spectrum overlap with the H−

photodetachment cross-section peak, near 1.5 eV, is enhanced
as illustrated in Figure 1.

The enhancement factor R for resonant photodetachment
is shown in Figure 2 as a function of the Pop III stellar
effective temperature where only photon energies less than the
Lyman limit are included. The resonant contribution is seen
to increase the H2 suppression factor Fr for Teff > 1000 K
reaching asymptotically R ∼ Fr ∼ 1.2 as Teff exceeds
100,000 K.5 The behavior of R can be understood by comparing
the blackbody spectrum to the photodetachment cross sections

5 The shoulder between 5000 and 15,000 K is actually due to the 3%
difference between the two cross sections at the peak near 1.5 eV. The fit given
by Chuzhoy et al. (2007) does not accurately reproduce the Wishart (1979)
data at these photon energies.

H. Sadeghpour, A. Dalgarno, R. Forrey, 
The Astrophysical Journal Letters, 
709:L168–L171, 2010

very high 
cross-section
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forces. The Coulomb interaction was the main
problem in the proposed anti-proton gravity ex-
periment as described by Goldman and Nieto [5].
This anti-proton experiment has been closed down
with no gravity results. The lightness of Ps is in-
teresting for general investigations of relativistic
quantum mechanics. There the Compton wave-
length appears as a characteristic length, which
is inversely proportional to the rest mass of the
particle. For Ps this characteristic length is half the
electron Compton wavelength. The big advantage
of Ps over electrons lies in the fact that Ps interacts
resonantly with light and thus allows the applica-
tion of techniques developed in the field of atom
optics. This makes Positronium a unique particle
for investigations of relativistic quantum motion.
Another important point is that Ps can be pro-
duced with a fairly cheap tabletop source for
demonstration purposes. High intensity sources for
precision measurements are available at the ISA
slow positron facility in Aarhus, Denmark or at
the Lawrence Livermore National Laboratory, in
the USA.

2. Matter wave interferometer

The basic setup of the proposed matter wave
interferometer is similar to the Mach–Zehnder
type matter wave interferometers already realized
for neutrons and atoms [6]. The schematic is
shown in Fig. 1. It consists of three main parts: the
formation of a collimated Ps beam, the actual in-
terferometer consisting of three diffraction gratings
and the detection.

The details of the experimental realization of
the main three parts will be discussed in the fol-
lowing sections. Here I will discuss briefly the basic
features of a Mach–Zehnder type interferometer,
how gravity leads to a phase shift and what the
intrinsic limit of phase shift resolution is.

The beam separation and re-combination in the
proposed interferometer occurs by diffraction at
three diffraction gratings. Incident waves are di-
vided at the first grating which creates a spatially
separated coherent superposition of two matter
waves. The achieved separation of the two beams
is given by the diffraction angle h and the length L
of the interferometer. The second grating acts like
a mirror such that the two coherent beams overlap
at the third grating. There the beams are coher-
ently re-combined and the two output beams are
formed. The interference signal is detected by
translating the third grating and observing the
modulation of the number particles in either of the
two outgoing beams in the far-field.

The interference pattern is given by

NoutðDxÞ ¼ N0 1

!

þ C cos 2p
Dx
d

"

þ /
#$

; ð1Þ

where N0 is the mean number of particles detected
in one output, C represents the contrast of the
fringes sometimes called visibility, Dx is the dis-
tance the last grating is moved and d describes the
grating period. An additional phase shift such as
gravity or Anandan phase can be described by /.

One important feature of a Mach–Zehnder in-
terferometer is that the visibility of the interference
pattern is independent of the initial wavelength,
i.e. of the velocity distribution. It is a white light

Fig. 1. Schematic for realization of a matter wave interferometer: Two slits are used to collimate the beam. The interferometer is set up
with three diffraction gratings equally spaced. A spatially resolving particle detection allows distinction between the two comple-
mentary outputs of the Mach–Zehnder interferometer.
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interferometer. This is a consequence of the high
symmetry which guarantees that the path length
difference between the two interferometer arms
is zero, independent of the initial wavelength (ve-
locity).

The expected phase shift due to gravity can be
calculated in a straightforward way by realizing
that the energy difference between the two arms of
the interferometer is given by DU ¼ mgz (m is the
mass of the particle, g is the gravitational accel-
eration, z is the spatial splitting between the two
paths). Since the splitting results from diffraction,
the angle between the two beams is given by H ¼
kdB=d with de Broglie wavelength kdB. The phase
shift due to gravity is given by

/g ¼
DU
!h

s ¼ 2p
d
g

L
v

! "2

¼ 2p
d
gs2; ð2Þ

where s ¼ L=v is the interaction time. This result
shows that the phase shift within a factor of two
can be understood in a classical way. It is given by
the distance the particle falls during the interaction
measured with the ruler given by the diffraction
gratings. Since the divisions are very closely
spaced, high resolution can be obtained.

An important figure of merit of an interferom-
eter is the sensitivity, which describes the minimal
acceleration that can be detected during a given
measurement time. It is given for a beam with a
mean velocity v and N0 detected particles by [7]

S ¼ 1

C
ffiffiffiffiffi

N0

p d
2p

1

s2
: ð3Þ

It is important to note that decreasing the grating
period d allows one to measure smaller accelera-
tions. An increase of the interaction time and the
throughput of the interferometer have the same
effect. Since the lifetime of Ps is comparable with
the transit time through the interferometer, an
optimal size of the interferometer for best perfor-
mance can be found (Section 5).

3. Diffraction of positronium by standing light waves

In atom optics diffraction of atoms by standing
light waves is a well-established phenomenon [8].

In the following I will discuss the important ex-
perimental parameters and what they imply for
diffraction of positronium.

One of the important feature of atoms is their
resonant interaction with light. As a consequence
light can induce a large oscillating dipole moment
in the atom which interacts with the light itself.
This is quantum mechanically described in the
simplest way by a two-level system. The atom is
described by one ground and one excited state
which has a finite lifetime and thus a line width of
C. Positronium has a level scheme which comes
very close to the two level system, as can be seen in
Fig. 2. In this paper only the ortho-Ps energy levels
are discussed since the gravitational phase shift is
proportional to the square of the interaction time
and thus only the ‘long’ living ortho-Ps can be
used.

The interaction energy U for an induced electric
dipole moment with the inducing electric field is
proportional to the light intensity and is inverse
proportional to the detuning of the laser frequency
ml to the atomic transition m0 as described by
d ¼ ml $ m0. In the limit of large detuning, i.e.
d % C and d % C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I=ð2IsÞ
p

, the interaction energy
and thus the potential for the ground state is given
by [9]

Fig. 2. Grotrian diagram of the lowest energy levels of ortho-
Ps: The two optical transitions which are discussed are in-
dicated: 1s–2p at a wavelength of 243 nm and 2s–3p at a
wavelength of 1.3 lm. The Einstein coefficients are given in units
of 106 s$1.
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𝜏  =  1.1  𝜇s

𝜏  =  142  ns

Fig. 3 using Eq. (3). One can see that for inter-
action times longer than 0.25 ls the 1321 nm
interferometer is preferable. With an optimized Ps
source of 106 Ps/s and a measurement time of
1 day one can measure 0.07 g within one standard
deviation. Note that such an optimized interfer-
ometer would be 2L ¼ 5 m long. It is obvious that
such an experiment is very difficult since the ther-
mal drifts of the interferometer have to be kept
smaller than the phase shift which corresponds to
0.04 nm. An improvement can be achieved by
utilizing higher-order Bragg scattering which has
been observed up to the sixth order [18] leading to
a sixfold improvement of the sensitivity. By ap-
plying more elaborate manipulation techniques an
improvement by a factor of 20 seems possible.

6. Conclusions

In summary, it has been shown that a 2s ortho-Ps
interferometer realized with standing light waves is
experimentally feasible. The necessary experimen-
tal parameters are discussed. The estimate for using
the interferometer to measure gravitational accel-
eration of purely leptonic system shows that with
current techniques it is a very challenging experi-
ment. It seems to be a good time to start working on

the realization of a collimated Ps beam. This would
immediately allow for very interesting investiga-
tions due to the lightness of Ps such as relativistic
forces like the Anandan force or atom optical ex-
periments utilizing the large photon recoil.
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3) other questions: how well does the SM really work 

rare K decays / complementary to B-factories

what is the proton, and what is its radius?

NA62
COMPASS
ISOLDE

deviations from SM in nuclear transitions?
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Moriond EW 2018 7 � +⇣⌘ +✓✓ : rst NA62 results (R. Marchevski)

NA62 beam and detector
[NA62 Detector Paper, 2017 JINST 12 P05025]

SPS Beam:

400 GeV/c protons

2.1012 protons/spill

3.5s spill

Secondary positive Beam:

75 GeV/c momentum, 1 % bite

100 mrad divergence (RMS)

60x30 mm2  transverse size

K+(6%)/p+(70%)/p(24%)

 33x1011 ppp on T10 (750 MHz at GTK3)

Decay Region:

60 m long :ducial region

~ 5 MHz K+ decay rate

Vacuum ~ O(10-6) mbar

800 MHz π/K/p
K: 50 MHz

10 MHz K decays

NA62: the FCNC K+→ π+νν

Speaker: Radoslav Marchevski
On behalf of the NA62 collaboration

Moriond EW Conference, 10–17th March 2018,  La Thuile, Italy,

�+⇤p+⌅⌅ : ⌥rst NA62 results 

material for NA62 slides from:
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✓e FCNC process �+⇤p+⌅⌅

FCNC loop processes: s � d coupling and highest CKM suppression

?eoretically clean: Short distance contribution.

Hadronic matrix element measured with Kl3 decays

SM predictions:[Brod, Gorbahn, Stamou, Phys. Rev.D 83, 034030 (2011)],[Buras. et. al., JHEP11(2015)033 ]

Experimental result:[Phys. Rev. D 79, 092004 (2009)]

?eoretical error budget
Buras. et. al., JHEP11(2015)033
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on the way to KL→ π0νν_

→ 10 % meast of CKM parameter |Vtd|

particle ID, vetoing, tracking

NA62 beam and detector: JINST 12 P50025; arXiv: 1703:08501

https://indico.in2p3.fr/event/16579/contributions/60808/attachments/47182/59257/Moriond_rmarchev.pdf

https://conference.ippp.dur.ac.uk/event/625/contributions/3457/attachments/2936/3191/Lazzeroni_PPAP2017_5.pdf
Cristina Lazzeroni:

Radoslav Marchevski:
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NA62: the FCNC K+→ π+νν
the challenge:

Moriond EW 2018 8 � +⇣⌘ +✓✓ : rst NA62 results (R. Marchevski)

Signal selection

Selection criteria

single track decay topology

✏+ identi:cation

photon rejection

multi-track rejection

�+⇤+++++-

�+⇤µ+⌅

�+⇤+++0

K+ decay events in the ,ducial decay region

4m2
p
+

m2
p
0

NA62 Preliminary

Performance

2016 data set (1%)

Moriond EW 2018 16 � +⇣⌘ +✓✓ : rst NA62 results (R. Marchevski)

Results

NA62 Preliminary

Moriond EW 2018 17 � +⇣⌘ +✓✓ : rst NA62 results (R. Marchevski)

Results 

One event observed

NA62 Preliminary

Moriond EW 2018 17 � +⇣⌘ +✓✓ : rst NA62 results (R. Marchevski)

Results 

One event observed

NA62 Preliminary

need to reduce backgd by >10 orders of magnitude
need to understand background at <10-11 level

such precision requires enormous care!
but the prize is sensitivity to BSM!

92% of total background

Region II

Region I

92% of total BR(K+):

 Outside the signal kinematic region.
 Signal region is split into Region I

    and Region II by the K+→π+π0 peak.

Missing mass: signal and backgrounds

8% of total BR(K+) including multi-body:

 Span across the signal region
(not rejected by kinematic criteria).
 Rejection relies on hermetic photon
system, PID, sub-ns timing.

KKπννπνν  kinematicskinematics
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NA62: SM tests, BSM: LFV/LNV
Hints by LHCb 

of LFV in B 
decays

(b→sμ+μ−)...

incorporating massive neutrinos into the SM results in a prediction of LFV and LNV decays
with an unobservably low branching ratios. Therefore, an observation of any of the
K+→π±ll processes above would serve as a clear indication of physics beyond the SM, such as 
supersymmetry, Little Higgs models, extra dimensions, Z′ vector bosons

Figure 1. Schematic view of the NA62 experiment, excluding the beam line.

Table 1. Status of searches for LFV and LNV K+ decays for which limits can potentially be
improved by NA62.

Decay mode SM violation Limits on BR Experiment

K+ ! ⇡�µ+µ+ LNV 8.6⇥ 10�11 CERN NA48/2 [5]
K+ ! ⇡�e+e+ LNV 6.4⇥ 10�10 BNL E865/CERN NA48/2 [6]
K+ ! ⇡�µ+e+ LNV 5.0⇥ 10�10 BNL E865/CERN NA48/2 [6]
K+ ! ⇡+µ�e+ LFV 5.2⇥ 10�10 BNL E865/CERN NA48/2 [6]
K+ ! ⇡+µ+e� LFV 1.3⇥ 10�11 BNL E777/E865 [7]

incorporating massive neutrinos into the SM results in a prediction of LFV and LNV decays
with an unobservably low branching ratios. Therefore, an observation of any of the K+ ! ⇡±ll
processes in Table 1 would serve as a clear indication of physics beyond the SM, such as
supersymmetry, Little Higgs models, extra dimensions, Z 0 vector bosons, etc.
The LNV decays K+ ! ⇡�l+l0+ could be mediated by heavy Majorana neutrino exchange in
the same way that could lead to the neutrinoless nuclear double � decay. One extension of the
SM that could provide simultaneously explanation for neutrino oscillations, Dark Matter and
the baryon asymmetry of the Universe, the so called ⌫MSM [8], introduces three heavy right-
handed sterile neutrinos with Majorana mass terms. The first, with low mass, could be a dark
matter candidate. The others, with masses ranging from 100 MeV/c2 to few GeV/c2, could be
responsible for the standard neutrino masses through the Seesaw mechanism and introduce extra
CP violating phases, which can account for the observed baryon asymmetry. The heavy neutrinos
can be produced in charged kaon decays as long as their masses are within the kinematically
accessible range of a few ⇠ 100 MeV. Provided that the heavy neutrinos are short lived in order
to decay within the detector, NA62 is in excellent position to look for K+ ! ⇡�l+l0+ decays
mediated by them.

3
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COMPASS  Goals: 

    1) understanding nucleon via deep inelastic scattering (µp, µd)
        (in particular: spin, parton distribution functions, ...)

    2) meson spectroscopy 
        (systematic search for qq states and non-qq states)

_ _

p, µ RICH

(polarized) target
& p recoil tracker

spectrometers

       electromagnetic / 
hadronic calorimeters

µ trackers
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COMPASS
many years of detailed studies of parton distribution functions via (semi-
inclusive) deep inelastic scattering (µ+ beam, 160 
GeV/c, -80% long. polarization) (& of QCD qq and non-qq!)

Why transverse spin physics at COMPASS

IWHSS2018, Bonn, 20 March 2018 Anna Martin

at the time of the COMPASS proposal it was already known that

three collinear quark distribution functions are necessary to describe the 
structure of the nucleon

ALL 3 OF EQUAL IMPORTANCE

quark with momentum xP in a nucleon
well known

𝒒𝒒 𝒙𝒙 or 𝒇𝒇𝟏𝟏
𝒒𝒒(𝒙𝒙) unpolarised PDF

Why transverse spin physics at COMPASS

IWHSS2018, Bonn, 20 March 2018 Anna Martin

at the time of the COMPASS proposal it was already known that

three collinear quark distribution functions are necessary to describe the 
structure of the nucleon

ALL 3 OF EQUAL IMPORTANCE

unmeasured till 2005

quark with momentum xP in a nucleon
well known

𝜟𝜟𝒒𝒒 𝒙𝒙 or 𝒈𝒈𝟏𝟏
𝒒𝒒 𝒙𝒙 helicity PDF

𝜟𝜟𝑻𝑻𝒒𝒒 𝒙𝒙 or 𝒉𝒉𝟏𝟏
𝒒𝒒 𝒙𝒙 transversity PDF 

𝒒𝒒 𝒙𝒙 or 𝒇𝒇𝟏𝟏
𝒒𝒒(𝒙𝒙) unpolarised PDF

quark with polarisation parallel to the nucleon 
longitudinal polarisation

known

quark with polarisation parallel to the nucleon 
transverse polarisation

unpolarized PDF
quark with momentum xP in a nucleon

helicity PDF
quark with polarization parallel to 
the nucleon longitudinal polarization

transversity PDF
quark with polarization parallel to 
the nucleon transverse polarization

Anna Martin, IWHSS 2018 - International Workshop on Hadron Structure and Spectroscopy 
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Semi-Inclusive Deep Inelastic Scattering
hard interaction of a lepton with a nucleon via virtual photon exchange

IWHSS2018, Bonn, 20 March 2018 Anna Martin

𝜎𝜎𝑙𝑙𝑇𝑇→𝑙𝑙𝑙𝑙𝑙~�
𝑇𝑇
𝜎𝜎𝑙𝑙𝑇𝑇→𝑙𝑙𝑇𝑇 ⊗ 𝑓𝑓(𝑥𝑥)⊗𝐷𝐷𝑇𝑇𝑙(𝑧𝑧)

𝑃𝑃𝑇𝑇𝑙, 𝜙𝜙𝑙

𝑧𝑧 =
𝑃𝑃 � 𝑃𝑃𝑙
𝑃𝑃 � 𝑞𝑞 =𝐿𝐿𝐿𝐿𝐿𝐿

𝐸𝐸𝑙
𝐸𝐸 − 𝐸𝐸𝐸

give access to all
the TMD PDFs

The 3D structure of the nucleon is still not fully
understood; requires further experimental input 

_ _
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COMPASS

Jan Bernauer, IWHSS 2018 - International Workshop on Hadron Structure and Spectroscopy 

The proton radius puzzle

2

How to measure the proton radius
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Alternatively: Lamb shift: finite proton size changes
hydrogen energy levels
Extract from (muonic) hydrogen spectroscopy. (See next
talk)

3

The proton radius puzzle

 [fm]
ch

Proton charge radius R
0.83 0.84 0.85 0.86 0.87 0.88 0.89 0.9

H spectroscopy

scatt. Mainz

scatt. JLab

p 2010µ

p 2013µ electron avg.
σ7.9 

From the 2017 Review of Particle Physics
Until the difference between the e p and µp values is
understood, it does not make sense to average the values
together. For the present, we give both values. It is up to
the workers in this field to solve this puzzle.

4

Solutions?

µp experiment wrong?

seems solid
ep experiments wrong?

both scattering and H-spectroscopy wrong?
Theory wrong?

checked thoroughly
...but maybe framework is wrong?

Everybody is right? New physics!

WE NEED MORE DATA

6

µp atomic spectroscopy very solid; need much better scattering data; 
preferably µp (µ-coupling >> e-coupling?! NP!! ) → MUSE experiment @ PSI, COMPASS @ CERN?

CREMA Coll.

 LKB (H(1S-3S), PRL 120, 183001 (2018))

µd (Science 353, 669 (2016))
CREMA Coll.

CREMA Coll.
MPQ (H(2S-4P), 2017, Science 358(6359):79)

5~6σ

Radius from elastic electron scattering, e�p ! e�p

There are form factors for electric (E ) and magnetic (M) charge
distributions.

Cross section is given by

d�

d⌦
/ G

2
E (Q

2) +
⌧

"
G

2
M(Q2)

⇥
⌧ = Q

2/4m2
p ; 1/" = 1 + 2(1 + ⌧) tan2(✓e/2)

⇤

Low Q

2 is mainly sensitive to GE .

DEFINE (for historical reasons) charge radius by,

R

2
E = �6

�
dGE/dQ2

�
Q2=0

From real data, need to extrapolate to Q

2 = 0.

CEC (W&M/JGU) proton radius puzzle IWHSS-2018 4 / 47

µ elastic scattering:

Radius from elastic electron scattering, e�p ! e�p

There are form factors for electric (E ) and magnetic (M) charge
distributions.

Cross section is given by
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⇤

Low Q

2 is mainly sensitive to GE .

DEFINE (for historical reasons) charge radius by,

R

2
E = �6

�
dGE/dQ2

�
Q2=0

From real data, need to extrapolate to Q

2 = 0.

CEC (W&M/JGU) proton radius puzzle IWHSS-2018 4 / 47

Sebastian Uhl, IWHSS 2018 - International Workshop on Hadron Structure and Spectroscopy 

COMPASS: smaller Coulomb corrections for high energy µ beam
                   measure recoil proton [ high pressure TPC as target], 
                   scattering angle O(100 µrad) of muon [silicon tracking detectors]
achieving uncertainty on  √<r2E> ~ 0.01fm requires one year of data taking
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ISOLDE
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• weak interactions and nuclear physics
(examples: nuclear shapes, lifetimes, beta-decay & EW interactions

• solid state physics
(example: implantation of radioisotopes in semi-conductors)

• astrophysics
(examples: triple-alpha to 12C rate (star formation), nuclear processes 
occurring during supernovae)

• biological systems, medical applications
(example: detoxification of mercury in plants, sensitive diagnostics)

Low energy precision tests of supersymmetry, M.J. Ramsey-Musolf, S. Su / Physics Reports 456 (2008) 1–88
Weak interaction physics at ISOLDE, N Severijns and B Blank, Journal of Physics G: Nuclear and Particle Physics, 44, 7, (074002), (2017)

ISOLDE (and other radioisotope facilities)
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can “precision” compete with energy?   yes, but ... precision < 0.1%

ISOLDE (and other radioisotope facilities)

High Sensitivity Experiments Beyond the Standard Model, Quy Nhon, Aug. 1-7, 2016 3

Nuclear beta decay

W-

d

ne e-

d d
u u

u

n p

• What we think to occur at the quark-
lepton level: Vector boson exchange 
with maximal parity violation.

• Is this all? Are there other bosons? 
(masses, couplings)

e
pe

pR
Jn

pn

• What we have access to 
experimentally

the effective mass scale probed by low energy experiments 
(M   MW) overlaps with that probed by the LHC (compare via EFT):

Review
Article

Ann. Phys. (Berlin) 525, No. 8–9 (2013)

experimental results and current developments in nu-
clear and neutron decays, and discuss their precision
goals and sensitivities to exotic weak couplings.

2 Theoretical description

In the SM, semi-leptonic processes at the quark-lepton
level are described by the exchange of the charged vec-
tor bosons, W ±. Since the mass of the bosons are signif-
icantly larger than the energies involved in nuclear and
neutron β decays, the interaction Lagrangian for these
processes takes the usual (V − A) × (V − A) form

LSM = − G F Vud√
2

ēγµ(1 − γ5)νe · ūγ µ(1 − γ5)d, (1)

where G F is the Fermi coupling and Vud is the element
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix in-
volved in the weak coupling of the lightest quarks. This
Lagrangian provides the framework for the calculations
of observables to leading order, that will be compared
with experimental results. However, due to the precision
of current experiments, the calculation of SM predictions
requires to take into account corrections to this contact
form arising from the finiteness of the W mass and from
electroweak radiative corrections [12, 13].

For the inclusion of NP effects in nuclear and neu-
tron β decays, it is very useful to follow an EFT ap-
proach. This model-independent framework allows us
to compare the sensitivity of these processes with other
low-energy charged-current observables and also with
measurements carried out at high energy colliders.

2.1 Quark-level Effective Lagrangian

Assuming that the particles not included in the SM are
much heavier than the energy scales relevant for nuclear
and neutron β decay, they can again be integrated out
along with the W boson and the rest of heavy SM parti-
cles. The low energy scale O(1 GeV) effective Lagrangian
for semi-leptonic transitions is then given by [9, 10]1.

Leff = − G F Vud√
2

!
(1 + ϵL ) ēγµ(1 − γ5)νe · ūγ µ(1 − γ5)d

+ ϵ̃L ēγµ(1 + γ5)νe · ūγ µ(1 − γ5)d

+ ϵR ēγµ(1 − γ5)νe · ūγ µ(1 + γ5)d

1 For the sake of simplicity we do not considered operators involving
νµ or ντ . The generalization is straightforward, and the general for-
mulae can be found in Ref. [10].

+ ϵ̃R ēγµ(1 + γ5)νe · ūγ µ(1 + γ5)d

+ ϵS ē(1 − γ5)νe · ūd + ϵ̃S ē(1 + γ5)νe · ūd

− ϵP ē(1 − γ5)νe · ūγ5d − ϵ̃P ē(1 + γ5)νe · ūγ5d

+ ϵT ēσµν(1 − γ5)νe · ūσµν(1 − γ5)d

+ ϵ̃T ēσµν(1 + γ5)νe · ūσµν(1 + γ5)d
"
+ h.c.. (2)

The ϵi and ϵ̃i complex coefficients are functions of
the masses and couplings of the new particles, in the
same way that the Fermi constant G F is a function of the
weak coupling and the W mass. The specific expressions
of these coefficients within the minimal supersymmetric
standard model can be found in e.g. Ref. [14].

For the sake of generality we have included right-
handed (RH) neutrinos in the low-energy particle con-
tent, but they can easily be removed setting ϵ̃L,R,S,P,T = 0.
It is worth noticing that operators involving RH neutri-
nos contribute quadratically to the observables, which
makes their effect on the experiments much smaller.

The effective Lagrangian in Eq. (2) describes the ef-
fect of NP not only in nuclear and neutron β decay, but
also in other processes like for example π± → π0e±ν. The
details of the hadronization are obviously different, with
different form factors needed in each process, but the
underlying dynamics is the same.

After removing an overall phase, we have ten real cou-
plings and nine phases that can be probed by compar-
ing precise low-energy experiments and accurate SM cal-
culations. Given the smallness of these couplings it is
useful to work at linear order in them to identify their
main effect on the different observables. As explained
above, in this approximation we can neglect the ϵ̃i cou-
plings, since they involve RH neutrinos. Moreover, in nu-
clear and neutron decays the pseudo-scalar coupling ϵP

can also be neglected since the associated hadronic bi-
linear vanishes in the non-relativistic approximation. In
this approximation the low-energy effective Lagrangian
can be written as

Leff = − G F Vud√
2

[1 + Re (ϵL + ϵR)]

×
#

ēγµ(1 − γ5)νe · ūγ µ [1 − (1 − 2ϵR) γ5] d

+ ϵS ē(1 − γ5)νe · ūd

+ ϵT ēσµν(1 − γ5)νe · ūσµν(1 − γ5)d
$

+ h.c., (3)

where an overall phase has been omitted.
Furthermore, in neutron decay it is usual to extract

the axial-vector form factor g A (or the so-called mix-
ing ratio in the case of nuclear decays) from experi-
ments. The extracted quantity contains an unobservable

C⃝ 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 601www.ann-phys.org

Supersymmetric contributions to weak decay correlation coefficients, 
S. Profumo, M. J. Ramsey-Musolf, and S. Tulin, Phys. Rev. D 75, 075017

“In the minimal supersymmetric standard model (MSSM), 
one-loop box graphs containing superpartners can give rise to 
non-(V−A)⊗(V−A) four-fermion operators in the presence of 
left-right or flavor mixing between sfermions.” 

>~

~

~

Measure precisely the CKM matrix element Vud & test unitarity

Search for S, T terms in addition to vector/axial vector currents

V. Cirigliano, J. Jenkins, and M. Gonzalez-Alonso, Nucl. Phys. B830, 95(2010)

!
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Example: the pure Gamow-Teller decay of 6He will probe 𝜖T in the 5×10−4 range.

can “precision” compete with energy?  yes, but ... not for every coupling
!

• precision < 0.1% ~ mass range around few TeV
• scalar and tensor interactions (through e.g. SUSY particles) : low-energy searches with 
10−4 sensitivity would have unmatched constraining potential, even in the LHC era.

ISOLDE (and other radioisotope facilities)

Experimentally: measure the beta-neutrino angular correlation αβν in 6He trapped in a
MOT or an ion trap: measure electron, recoiling daughter  →  reconstruct kinematics

D. Zumwalt, PhD thesis 2015, https://digital.lib.washington.edu/researchworks/handle/1773/34137

ion traps are much hotter and less well-localized than MOTs are. Also as opposed to MOTs, the ions 
interact via the Coulomb interaction, leading to space charge effects

23
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Figure 1.9: (left panel) Limits on C
T

and C 0
T

from nuclear beta decay overlayed with

LHC data and the Johnson et al limits. (right panel) LHC limits overlayed with with our

proposed 0.1% limits on a
�⌫

using 6He.

for a detailed description).

As we are interested in the angular-correlation of the beta and antineutrino, it

is useful to understand what we are required to measure. To get a complete pic-

ture of the kinematics of this decay, we would need to know nine parameters, three

for each component of momentum of three di↵erent particles. However, momentum

conservation reduces this number to six, as any three components can be kinemat-

ically deduced if the others are known. Energy conservation restricts an additional

parameter, leaving five free parameters which must be measured if one is interested

in the relative angle of the particles upon emission. In our experiment, we measure

six parameters, and therefore our system is over-determined.

The beta telescope defines the initial beta direction as well as starting the time of

flight clock. The MCP defines the recoil ion final position and stops the time of flight

clock, which when combined is su�cient to determine the recoil ion’s initial momen-

118

Figure 5.1: Cross-section of the second MOT/detection chamber: 1 re-entrant � telescope

housing, 2 trapping laser ports, 3 main chamber, 4 6He tranfer port, 5 electrode assembly, 6

microchannel plate (MCP) recoil ion detector, 7 10 inch custom feedthrough flange for HV

and MCP connections, 8 trap monitoring ports, 9 127 µm Be foil, 10multi-wire proportional

chamber (MWPC), 11 plastic scintillator, 12 lightguide.

the main vessel as possible to maximize our collection solid angle, and are limited

ultimately by the diagonal trapping laser beams. Figure 5.2 shows a cross-section

electron: t0, direction, E
nucleus: E(via TOF), direction
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Figure 6.9: Monte Carlo simulations for the recoil 6Li ion TOF spectra. These simulations

were run using the known experimental conditions at the time of the February 2015 data

run. The blue spectrum corresponds to a purely Tensor interaction, and the red spectrum

corresponds to a purely Axial-Vector interaction, which is predicted by the Standard Model.

which yields a final simulated time of flight distribution. By separating these modules,

we can track the recoil ions under many di↵erent electric field configurations to test

the systematic e↵ects of voltage fluctuations and non-uniformity without having to

rerun the much more time consuming beta event generation and tracking module.

After folding in measured experimental features such as detector response, e�-

ciency maps, and applying fiducial and energy threshold cuts, we can combine the

information from both modules to generate simulated time of flight spectra. Shown

in Figure 6.9 are time of flight spectra generated assuming either purely Tensor in-

teractions (a = +1/3) or purely Axial-Vector interactions (a = �1/3). A linear

combination of these “parent” spectra is made to best fit the experimental data, with

fit

T

V-A

MCP

120

Figure 5.2: Cross-section of the � telescope. Surrounding the lightguide is a custom flange

used for controlling the flow of the 90% Ar, 10% CO2 proportional gas as well as providing

feedthroughs for the high-voltage and signal cables used for the MWPC. A 127 µm beryllium

foil separates the one atmosphere pressure of proportional gas from the ultra-high vacuum

of the trap.

scintillator/PMT are altered o✏ine during analysis according to a reference signal.

Prior to any data run a radioactive source of 90Sr is placed near the � detector

and its ⇠2.8 MeV endpoint identified. By identifying the known endpoint of the

90Sr source, the gain of the � detector can be known and the ADC channels scaled

appropriately. More recently we have switched to a 207Bi source which features several

monoenergetic conversion electron lines at 482 keV, 976 keV, 1682 keV, and additional

weaker lines. By simulating events with these energies entering the beta detector,

taking into account the ⇠40 keV loss through the Be window, we can compare the

resulting spectrum to a measured spectrum with a source and thereby determine the

CENPA, Univ. of Washington

7 TeV
5 fb-1

13 TeV 50 fb-1~ 4x better w/
~ 2017 ATLAS+CMS
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test of the unitarity of the CKM matrix:

ISOLDE (and other radioisotope facilities)

Hardy&Towner, Phys. Rev. C 91 (2015) 025501

• Corrected value:

• Corrections about 1% [Towner and Hardy, Phys. Rev. C 77, 025501 (2008)]

• Cabibbo-Kobayashi-Maskawa quark mixing 
matrix

• Quark-mass eigenstates     to weak eigenstates
Currently 13 transitions
contribute

2 Superallowed b-decays

t1/2

Dm, Q

BR

• Corrected value:

• Corrections about 1% [Towner and Hardy, Phys. Rev. C 77, 025501 (2008)]

• Cabibbo-Kobayashi-Maskawa quark mixing 
matrix

• Quark-mass eigenstates     to weak eigenstates
Currently 13 transitions
contribute
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2 Test of the CKM unitarity

More systems to be studied for more stringent tests.

Vud  :  220 independent measurements covering 14 separate 
transitions, each with a QEC value, half-life, and branching ratio 
that has been determined, in most cases, multiple times. 

Improved sensitivity: 
Vus (determined from K decays) has slight inconsistencies; 
main uncertainty on Vud now theoretical (radiative corrections); 
main gains on limits on a scalar interaction from 10C and 14O

J. C. HARDY AND I. S. TOWNER PHYSICAL REVIEW C 91, 025501 (2015)

standard deviations. Is there any way the |Vud | value in Eq. (10)
could possibly be shifted to this value? It can be seen in
Eq. (8) that |Vud |2 is inversely proportional to both F t and
(1 + !V

R). For F t to account for such a shift, it would have to
decrease by six standard deviations. That is unlikely enough
but, because all 14 measured transitions agree with one another
and with CVC, all 14 would have to undergo the same shift, a
virtual impossibility. The only other possibility is a shift in the
nucleus-independent radiative correction, !V

R, which would
have to be reduced from 2.36(4)% to 2.24%. This is a change
equal to three times the stated uncertainty which, while not
impossible, is rather unlikely.

(4) f+(0), fK/fπ correct, Kℓ3, Kℓ2 correct, unitarity
not satisfied. With |Vus | determined from Kℓ3 decays and
|Vus |/|Vud | from Kℓ2 decays, each with the Nf = 2 + 1 + 1
lattice coupling constants, a value of |Vud | can be obtained from
their ratio. The result, |Vud | = 0.9670(44), has a somewhat
larger error bar than other determinations from kaon physics
because no constraint to satisfy unitarity has been imposed.
Nevertheless, the result is two of its standard deviations away
from the nuclear β-decay value for |Vud | and the unitarity
sum is likewise not satisfied, with |Vu|2 = 0.985(9) and a
deficit, !CKM = −0.015(9), of 1.8 standard deviations. For
the β-decay value of |Vud | to be shifted into agreement with
this kaon-derived value would require the nucleus-independent
radiative correction !V

R to be increased from 2.36(4)% to
3.88%, 40 times its stated uncertainty. Surely this can be ruled
out.

One must conclude that there is no definitive answer for
|Vus | as of now since the two approaches to its measurement
from kaon decay are not completely consistent with one
another. On balance, though, the result for |Vus |/|Vud | obtained
from Kℓ2 and pion decays seems the most reliable because it
shows the greatest consistency as the lattice calculations have
improved, which reinforces the idea that systematic errors are
reduced when a ratio is used. If we then accept the Nf =
2 + 1 + 1 result on line 4 of Table XIII and combine it with
our result for |Vud | from Eq. (10), we get |Vus | = 0.2248(6)
and a unitary sum of |Vu|2 = 0.999 56(49).

D. Scalar currents

1. Fundamental scalar current

The standard model prescribes the weak interaction to be
an equal mix of vector (V ) and axial-vector (A) interactions
that maximizes parity violation. Searches for physics beyond
the standard model therefore seek evidence that parity is
not maximally violated (owing to the presence of right-hand
currents) or that the interaction is not pure V − A (owing to the
presence of scalar or tensor currents). The data in this survey
allow us to contribute to the search for a scalar interaction
because, if present, it would have a measurable effect on
superallowed 0+ → 0+ β transitions.

A scalar interaction would generate an additional term [5]
to the shape-correction function, which forms part of the
integrand of the statistical rate function, f , an integral over
the β-decay phase space. The additional term takes the form
(1 + bF γ1/W ), where W is the total electron energy in electron

Z of daughter
2010 30 400

3070

3080

3090

3060

FIG. 7. Corrected F t values from Table IX plotted as a function
of the charge on the daughter nucleus, Z. The curved lines represent
the approximate loci the F t values would follow if a scalar current
existed with bF = ±0.004.

rest-mass units, and γ1 =
!

[1 − (αZ)2]. The strength of the
scalar interaction is contained in the unknown constant, bF ,
which is called the Fierz interference term [218]. Thus, the
impact of a scalar interaction on the F t values would be to
introduce a dependence on ⟨1/W ⟩, the average inverse decay
energy of each β+ transition. No longer would the F t values
be constant over the whole range of nuclei but they would
instead exhibit a smooth dependence on ⟨1/W ⟩. Since ⟨1/W ⟩
is largest for the lightest nuclei, and decreases monotonically
with increasing Z and A, the largest deviation of F t from
constancy would occur for the cases of 10C and 14O.

We have reevaluated the statistical rate function, f , for
each transition using a shape-correction function that includes
the presence of the scalar interaction via a Fierz interference
term, bF , which we treat as an adjustable parameter. We then
obtained a value of bF that minimized the χ2 in a least-squares
fit to the expression F t = constant. The result we obtained is

bF = −0.0028 ± 0.0026, (17)

a marginally larger result than the value from our last survey [6]
but with the same uncertainty. Note that the uncertainty quoted
here is one standard deviation (68% CL), as obtained from the
fit. In Fig. 7 we illustrate the sensitivity of this analysis by
plotting the measured F t values together with the loci of F t
values that would be expected if bF = ±0.004. There is no
statistically compelling evidence for bF to be nonzero.1

The result in Eq. (17) can also be expressed in terms of
the coupling constants that Jackson, Treiman, and Wyld [218]
introduced to write a general form for the weak-interaction
Hamiltonian. Since we are dealing only with Fermi superal-
lowed transitions, we can restrict ourselves to scalar and vector
couplings, for which the Hamiltonian becomes

HS+V = (ψpψn)
"
CSφeφνe

+ C ′
Sφeγ5φνe

#

+ (ψpγµψn)
$
CV φeγµ(1 + γ5)φνe

%
, (18)

in the notation and metric of Ref. [218]. We have taken the
vector current to be maximally parity violating, as indicated

1It is interesting to note that if we were to derive an averageF t value
from the data while allowing bF to vary freely, the corresponding
value for |Vud | would become 0.9745(4), a result quite consistent
with the one we quote in Eq. (10), but with an uncertainty nearly
twice as large.
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Many tests of the standard model, and searches for 
beyond-the-standard-model physics are taking place at 

CERN.

Even outside the LHC.
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thank you for your attention!


