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to search (verb): 
“to look somewhere carefully in order to find something” 

 
(Cambridge Dictionary)
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Overview
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Motivation:

Dark Matter


g-2


Searches 101 
 

Portal models

Dark Photons 

Beyond searches 101
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Motivation
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The Standard Model of particle physics is complete

Only non-zero neutrino masses remain unexplained 

Reasons to go beyond our Standard Model:

Dark Matter (and Dark Energy)


“Anomalies” at the 3-4σ level (in B decays, muon anomalous moment g-2, …)


“Unsatisfying” theory answers: Matter/Antimatter asymmetry, three generations, fine-tuning, 
…


…


“Analyse everything” in an ideally model-independent approach
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1E 0657-558 
NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;
1E 0657-558 
NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;
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Galaxy 
cluster 1

Galaxy 
cluster 2

Galaxies, optical light.

1E 0657-558 
NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;
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1E 0657-558 
X-ray (red): NASA/CXC/CfA/ M. Markevitch et al.; 
Lensing map (blue): NASA/STScI; ESO WFI; Magellan/U.Arizona/ D. Clowe et al. 
Optical: NASA/STScI; Magellan/U.Arizona/D. Clowe et al.;

Hot gas (X-rays)

Mass (gravitational lensing)

Galaxies, optical light.
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Dunkle Materie

80% 
of all matter is dark.
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Dark matter: Galaxy cluster collisions
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NASA/ESA/STScI/CXC, D. Harvey, R. Massey, A. Taylor, E. Tittley
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Dark matter: Galaxy cluster collisions
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Figure S2: Observed offsets between galaxies, gas and dark matter in 72 components of sub-
structure. In each case, the green triangle, at the centre of the coordinate system, denotes the
position of the galaxies. The separation between galaxies and gas, �SG, is shown in red. The
separation of the dark matter with respect to the galaxies, projected onto the SG vector, �SI, is
shown in blue. The error bars show the locally estimated 1� errors.
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“(…), we detect 
the existence of 
dark mass at 

7.6 σ 

significance.”

D. Harvey et al., Science, Vol. 347 no. 6229 pp. 1462-1465 (2015)

found via gravitational lensing
Dark mattervisible in X-rays

Hot, diffuse gas

(Stars in) galaxies
visible in optical

Direction of motion

I
S

G D

Figure 1: Cartoon showing the three components in each piece of substructure, and their relative
offsets, illustrated by black lines. The three components remain within a common gravitational
potential, but their centroids become offset due to the different forces acting on them, plus
measurement noise. We assume the direction of motion to be defined by the vector from the
diffuse, mainly hydrogen gas (which is stripped by ram pressure) to the galaxies (for which
interaction is a rare event). We then measure the lag from the galaxies to the gas �SG, and to the
dark matter in a parallel �SI and perpendicular �DI direction.
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Dark matter: Overwhelming evidence
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Dark Energy

Standard Model

Dark Matter

Cosmic Microwave BackgroundGravitational LensingGalactic Rotation Curves
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Dark matter: Candidates
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 xkcd 
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Dark matter: Candidates
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What we know:

Does interact gravitationally


Does not interact via electromagnetic or strong force


Is non-relativistic (or cold)


Local density (at earth): ρlocal ≈ 0.4 GeV/cm3  

What we do not know:

Collision-less (assumed in ΛCDM model)


Maybe interacts via the weak force (WIMPs) or via the SM Higgs mechanism


Mass between 10-22 eV and 5 M⊙
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Local DM density:

1 DM squirrel compared to the mass of the earth
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Dark matter: Thermal freeze out
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Early universe (x→0):

DM annihilation (DM+DM→SM+SM) and production 
(SM+SM→DM+DM) are possible 


Universe expands (=T decreases):

DM production is kinematically disfavoured (Boltzmann tails)


DM annihilation still possible for a while…


Once the annihilation is smaller than the 
hubble rate, DM annihilation too rare: Freeze 
out!


Relic abundance observed today:  
 

Ωχh2 ∼ 0.1 ( pb
⟨σv⟩ )

T is the photon temperature
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Dev et al. Thermal and non-thermal Dark Matter properties

FIGURE 1 | The illustration of freeze-out and freeze-in scenarios in the
evolution of thermal DM abundance as a function of x = mχ /T for
different annihilation rates. Here we have chosen mχ = 100 GeV and for
the initial conditions, mφ = 1013 GeV, TR = 10 TeV, Bχ = 10−15. The
horizontal band gives the observed relic density from Planck data [2].

Boltzmann Equation (5) can be approximated in this case to the
following simple form:

dYχ

dx
=
√

π

45
g1/2〈σ v〉mχ mPl

x2 (Y2
χ − Y2

χ ,eq) $ − A

x2 (Y2
χ − B),

(19)

where A and B are constants in x. Equation (19) has a simple ana-
lytic solution in terms of the initial values xi = mχ/TR and Yχ ,in,
where the latter can be obtained from Equations (10) and (3):

Yχ ,in = nχ ,in

s(TR)
$ 3

4
Bχ

TR

mφ
. (20)

In the limit x → ∞, the expression for Yχ (x) simplifies fur-
ther, and the final relic density can then be obtained using
Equation (6). This has two contributions:

%χ h2 = 2.06 × 108 Bχ
mχ

mφ

(
TR

1 GeV

)
+ g1/2〈σ v〉mPlmχ

(
TR

1 GeV

)

(

5.6 × 106 g2
eff

g2 − 4.1 × 107B2
χ

T2
R

m2
φ

)

(21)

where the first term represents the non-thermal contribution
which only depends on the initial abundance, and the other two
terms represent the thermal contribution which also depend on
the interaction rate. Note that the analytic expression (21) is
valid as long as mχ ( TR otherwise the thermal production will
be delayed to lower values of temperature (or higher values of
x) when the equilibrium distribution in Equation (19) may no
longer be flat, but exponentially decaying. For the freeze-in sce-
nario, it is usually assumed that the initial abundance is negligible,

so that the final abundance is solely determined by the inter-
action strength in Equation (21), as in the freeze-out scenario.
This is illustrated in Figure 1 for a typical choice of parameters:
mχ = 100 GeV, mφ = 1013 GeV, TR = 10 TeV, and Bχ = 10−15

so that the initial abundance given by Equation (20) is negligible.
The different dashed lines in Figure 1 correspond to the freeze-in
scenario with various interaction rates, and hence, different final
abundances. Note that the final abundance increases with increas-
ing interaction rate, in contrast with the freeze-out scenario (the
solid lines) where the final abundance decreases with increasing
interaction rate. As shown here, the observed relic abundance
shown by the gray horizontal band can be obtained in the freeze-
in scenario for an interaction rate of 10−47 cm3s−1, which is much
smaller than the typical value of 2 × 10−26 cm3s−1, as in the
freeze-out scenario.

We should mention here that there could be other thermal
production mechanisms for the DM in specific models, depend-
ing on its interaction with the SM particles and/or the model
construction for the beyond SM sector. For instance, a keV-scale
sterile neutrino DM can be produced by the Dodelson-Widrow
mechanism [59], which is very similar to the freeze-in mechanism
discussed above.

3.2. NON-THERMAL DM
For very small cross sections, the DM particles are produced
already decoupled from the thermal bath, and hence, the thermal
production in Equation (21) is negligible compared to the ini-
tial abundance, which could be sizable for large branching ratios.
In this case, the annihilation rate, and hence, the right-hand side
of Equation (5) can be neglected, thus leading to dYχ/dx $ 0.
Hence, the final relic abundance is completely determined by the
initial one given by Equation (20). Using the general expression
(6), this yields the non-thermal relic DM density

%χ h2 $ 2.06 × 108 Bχ
mχ

mφ

(
TR

1 GeV

)
, (22)

which can also be identified with the first term on the right-
hand side of Equation (21). Thus for super-weak interaction
rates, the final abundance only depends on the reheat tempera-
ture and inflaton branching fraction for given DM and inflaton
masses11. Some illustrative cases for the non-thermal DM are
shown in Figure 2 for two typical values of the branching ratio
Bχ = 10−5 and 10−15. The choice of small values of Bχ will be
justified below. The various contours show the reheat tempera-
ture values required to obtain the correct relic density %χ h2 =
0.12 for given values of the inflaton and DM masses. These plots
were obtained by numerically solving the Boltzmann Equation
(5) for a typical annihilation rate 〈σ v〉 = 10−60 cm3s−1 (see sec-
tion 5 for details) following the procedure mentioned above,
but the results agree quite well with the approximate ana-
lytic formula given in Equation (22). From Figure 2 it is clear
that as the inflaton branching fraction increases, the allowed

11Similar results were obtained in Campos et al. [60] for superheavy
metastable DM candidates. Our result is valid for all non-thermal DM
production mechanisms as long as it is a perturbative process.
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• At early times,               , both DM annihilation 
and production (inverse annihilation) are 
efficient

• As temperature drops,               , DM 
production is kinematically disfavored, and DM 
begins to annihilate away
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Anomalous magnetic moment of the muon (g-2)µ
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Photo: Reidar Hahn, Fermilab
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Anomalous magnetic moment of the muon (g-2)µ
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anomalous magnetic moment a  = (g-2)/2



Torben Ferber - Searches for new physics

Anomalous magnetic moment of the muon (g-2)µ
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8. Conclusions and outlook

In this paper we provide a detailed analysis and review of the SM calculation of the muon anomalous magnetic
moment aµ. The emphasis is on the hadronic contributions, since they dominate the final uncertainty, but the QED
and electroweak contributions are also discussed in detail and up-to-date numbers are provided.

The QED contribution, which has been calculated up to tenth order in the perturbative expansion, i.e., O(↵5), is
reviewed in Sec. 6. The final number depends on the input used for the fine-structure constant ↵ and at present there
are two independent determinations that di↵er by about 2.4 standard deviations. The impact of this discrepancy on
the final number for aµ is however well below the uncertainty of the QED contribution itself, which is dominated by
the estimated e↵ect of the O(↵6) contribution. As final number we take the one based on the value of ↵ obtained
from atom-interferometry measurements of the Cs atom [117], see Eq. (6.30), and the latest QED calculations from
Refs. [33, 34]:

aQED
µ (↵(Cs)) = 116 584 718.931(104) ⇥ 10�11 . (8.1)

Electroweak contributions are reviewed in Sec. 7: they have been calculated up to two loops and an estimate of
the leading logarithmic contribution beyond two-loop level is also included in the final estimate. The hadronic loops,
which appear at two-loop level, are also included and dominate the uncertainty of the EW contribution. The final
result Eq. (7.16) (mainly based on Refs. [35, 36]) reads

aEW
µ = 153.6(1.0) ⇥ 10�11 , (8.2)

with an uncertainty ten times larger than the QED one, but still negligible with respect to the hadronic uncertainties.
In the section on data-driven evaluations of HVP we reviewed both the available data sets for the e+e� ! hadrons

cross section and the techniques applied for the evaluation of the HVP dispersive integral. In particular, we provide
a detailed discussion of the di↵erences between these approaches and the current limitations of the dispersive HVP
evaluation, as they arise from the published experimental uncertainties as well as, crucially, from unresolved tensions
among the data sets, especially in the dominant ⇡⇡ channel. As the main result, Eq. (2.33), we devised a merging
procedure that adequately takes into account these tensions, which also drive the di↵erences between the available
HVP evaluations. The resulting estimate, based on Refs. [2–7] as well as the main experimental input from Refs. [37–
89],

aHVP, LO
µ = 6931(40) ⇥ 10�11 (8.3)

should provide a conservative but realistic assessment of the current precision of data-driven HVP evaluations. In
the same framework, the LO result is complemented by NLO [7] and NNLO [8] HVP iterations, see Eq. (2.34) and
Eq. (2.35),

aHVP, NLO
µ = �98.3(7) ⇥ 10�11 , aHVP, NNLO

µ = 12.4(1) ⇥ 10�11 , (8.4)

leading to the sum
aHVP, LO
µ + aHVP, NLO

µ + aHVP, NNLO
µ = 6845(40) ⇥ 10�11 . (8.5)

Finally, we discussed the prospects for future improvements, including new data from several e+e� experiments as
well as the possibility to measure HVP independently in electron–muon scattering.

The status of lattice QCD+QED calculations of HVP is reviewed in Sec. 3. While lattice calculations can, in
principle, provide an alternate, ab initio determination of the HVP contribution, they are, at present, not precise
enough to confront the data-driven evaluations. The current “lattice world average,” obtained in Sec. 3.5.1 from a
conservative combination of current, published lattice QCD+QED results, is consistent with the data-driven result of
Eq. (8.3) but with a large enough uncertainty to also cover the “no new physics” scenario:

aHVP, LO
µ = 7116(184) ⇥ 10�11 , (8.6)

based on Refs. [9–17].
The phenomenological estimate of HLbL scattering as reviewed in Sec. 4 is essentially based on a dispersive

approach, in analogy to HVP. The various contributions to HLbL can be collected into three main pieces depending
on how they have been estimated: (1) the numerically dominant contributions from the single-pseudoscalar poles
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and large parts of the two-pion intermediate states, both of which rely on data-driven approaches and are under good
control; (2) the model-dependent estimates for the sum of scalar, tensor, and axial-vector contributions, as well as
the impact of short-distance constraints; all of these still su↵er from significant uncertainties, which in the total have
been added linearly; (3) the c-quark contribution, which can be estimated using perturbative QCD, with a conservative
uncertainty estimate in view of the low scale and potential nonperturbative e↵ects. The final estimates for HLbL from
Table 15 (mainly based on Refs. [18–30] and, in addition to e+e� ! hadrons cross sections, the experimental input
from Refs. [90–109]) and HLbL at NLO [31] from Eq. (4.91) read as follows:

aHLbL
µ = (69.3(4.1) + 20(19) + 3(1)) ⇥ 10�11

= 92(19) ⇥ 10�11 , (8.7)

aHLbL, NLO
µ = 2(1) ⇥ 10�11 , (8.8)

where the first line gives the three pieces in the same order as discussed above and the total in the second line is
obtained by adding the central values of the three contributions and combining the errors in quadrature. The final
error is about 20% and is completely dominated by the model estimates of a numerically subdominant part of the
total.

The lattice determination of HLbL scattering is reviewed in Sec. 5. The lattice methodology for this quantity has
advanced significantly in the last years [110–116] and has now reached a mature stage, resulting in a calculation [32]
with reliable estimates of both statistical and systematic uncertainties (Eq. (5.49)):

aHLbL
µ = 78.7(30.6)stat(17.7)sys ⇥ 10�11 . (8.9)

There have been extensive checks between di↵erent groups working on the lattice HLbL as well as internal checks of
the calculations such as the regression against the leptonic loop or pion-pole contributions. These checks are explained
in detail in Sec. 5.

To obtain a recommendation for the full SM prediction we proceed as follows: for HLbL scattering, there is
excellent agreement between phenomenology and lattice QCD, to the extent that it is justified to consider a weighted
average. Taking into account that the lattice-QCD value does not include the c-quark loop, we first average the
light-quark contribution and add the c quark as estimated phenomenologically in the end. This produces

aHLbL
µ (phenomenology + lattice QCD) = 90(17) ⇥ 10�11 , (8.10)

and, using Eq. (8.8),

aHLbL
µ (phenomenology + lattice QCD) + aHLbL, NLO

µ = 92(18) ⇥ 10�11 . (8.11)

For HVP, the current uncertainties in lattice calculations are too large to perform a similar average and the future
confrontation of phenomenology and lattice QCD crucially depends on the outcome of forthcoming lattice studies.
For this reason, we adopt Eq. (8.3) as our final estimate, emphasizing that the uncertainty estimate already accounts
for the tensions in the e+e� data base. Combined with the QED and EW contributions, we obtain

aSM
µ = aQED

µ + aEW
µ + aHVP, LO

µ + aHVP, NLO
µ + aHVP, NNLO

µ + aHLbL
µ + aHLbL, NLO

µ

= 116 591 810(43) ⇥ 10�11 . (8.12)

This value is mainly based on Refs. [2–8, 18–24, 31–36], which should be cited in any work that uses or quotes
Eq. (8.12). It di↵ers from the Brookhaven measurement [1]

aexp
µ = 116 592 089(63) ⇥ 10�11 , (8.13)

where the central value is adjusted to the latest value of � = µµ/µp = 3.183345142(71) [775], by

�aµ := aexp
µ � aSM

µ = 279(76) ⇥ 10�11 , (8.14)

178

and large parts of the two-pion intermediate states, both of which rely on data-driven approaches and are under good
control; (2) the model-dependent estimates for the sum of scalar, tensor, and axial-vector contributions, as well as
the impact of short-distance constraints; all of these still su↵er from significant uncertainties, which in the total have
been added linearly; (3) the c-quark contribution, which can be estimated using perturbative QCD, with a conservative
uncertainty estimate in view of the low scale and potential nonperturbative e↵ects. The final estimates for HLbL from
Table 15 (mainly based on Refs. [18–30] and, in addition to e+e� ! hadrons cross sections, the experimental input
from Refs. [90–109]) and HLbL at NLO [31] from Eq. (4.91) read as follows:

aHLbL
µ = (69.3(4.1) + 20(19) + 3(1)) ⇥ 10�11

= 92(19) ⇥ 10�11 , (8.7)

aHLbL, NLO
µ = 2(1) ⇥ 10�11 , (8.8)

where the first line gives the three pieces in the same order as discussed above and the total in the second line is
obtained by adding the central values of the three contributions and combining the errors in quadrature. The final
error is about 20% and is completely dominated by the model estimates of a numerically subdominant part of the
total.

The lattice determination of HLbL scattering is reviewed in Sec. 5. The lattice methodology for this quantity has
advanced significantly in the last years [110–116] and has now reached a mature stage, resulting in a calculation [32]
with reliable estimates of both statistical and systematic uncertainties (Eq. (5.49)):

aHLbL
µ = 78.7(30.6)stat(17.7)sys ⇥ 10�11 . (8.9)

There have been extensive checks between di↵erent groups working on the lattice HLbL as well as internal checks of
the calculations such as the regression against the leptonic loop or pion-pole contributions. These checks are explained
in detail in Sec. 5.

To obtain a recommendation for the full SM prediction we proceed as follows: for HLbL scattering, there is
excellent agreement between phenomenology and lattice QCD, to the extent that it is justified to consider a weighted
average. Taking into account that the lattice-QCD value does not include the c-quark loop, we first average the
light-quark contribution and add the c quark as estimated phenomenologically in the end. This produces

aHLbL
µ (phenomenology + lattice QCD) = 90(17) ⇥ 10�11 , (8.10)

and, using Eq. (8.8),

aHLbL
µ (phenomenology + lattice QCD) + aHLbL, NLO

µ = 92(18) ⇥ 10�11 . (8.11)

For HVP, the current uncertainties in lattice calculations are too large to perform a similar average and the future
confrontation of phenomenology and lattice QCD crucially depends on the outcome of forthcoming lattice studies.
For this reason, we adopt Eq. (8.3) as our final estimate, emphasizing that the uncertainty estimate already accounts
for the tensions in the e+e� data base. Combined with the QED and EW contributions, we obtain

aSM
µ = aQED

µ + aEW
µ + aHVP, LO

µ + aHVP, NLO
µ + aHVP, NNLO

µ + aHLbL
µ + aHLbL, NLO

µ

= 116 591 810(43) ⇥ 10�11 . (8.12)

This value is mainly based on Refs. [2–8, 18–24, 31–36], which should be cited in any work that uses or quotes
Eq. (8.12). It di↵ers from the Brookhaven measurement [1]

aexp
µ = 116 592 089(63) ⇥ 10�11 , (8.13)

where the central value is adjusted to the latest value of � = µµ/µp = 3.183345142(71) [775], by

�aµ := aexp
µ � aSM

µ = 279(76) ⇥ 10�11 , (8.14)
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Figure 99: Tenth-order vertex diagrams. There are 12 672 diagrams in total, and they are divided into 32 gauge-invariant subsets over six super
sets. Typical diagrams of each subsets are shown as I(a)–(j), II(a)–(f), III(a)–(c), IV, V, and VI(a)–(k). There are 208 Set I diagrams (1 for I(a),
9 for I(b), 9 for I(c), 6 for I(d), 30 for I(e), 3 for I(f), 9 for I(g), 30 for I(h), 105 for I(i), and 6 for I(j)), 600 Set II diagrams (24 for II(a), 108 for
II(b), 36 for II(c), 180 for II(d), 180 for II(e), and 72 for II(f)), 1140 Set III diagrams (300 for III(a), 450 for III(b), and 390 for III(c)), 2072 Set IV
diagrams, 6354 Set V diagrams, and 2298 Set VI diagrams (36 for VI(a), 54 for VI(b), 144 for VI(c), 492 for VI(d), 48 for VI(e), 180 for VI(f),
480 for VI(g), 630 for VI(h), 60 for VI(i), 54 for VI(j), and 120 for VI(k)). The straight and wavy lines represent lepton and photon propagators,
respectively. The external photon vertex is omitted for simplicity and can be attached to one of the lepton propagators of the bottom straight line in
super sets I–V or the large ellipse in super set VI. Reprinted from Ref. [773].
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where Li2(z) is the dilogarithm and for |z| < 1,

Li2(z) = �
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For |z| > 1, the logarithm log(1 � z) is analytically continued and its principal value Log(1 � z) is instead used:
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Anomalous magnetic moment of the muon (g-2)µ

21

+
A’

New Physics?
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Search 101: NP mediator decaying to SM particles
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no new physics

mass ~ position (x-axis)

coupling ~ height of peak 
(y-axis)
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Search 101
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“Closed box” analysis


Signal and background


Trigger


Event selection

signal efficiency and background rejection


Search for an excess

Prepare for the case that you actually find an excess


Set limits

There is no “one size fits all”!

 

This is a simplified typical 
analysis workflow with some 

real life recipes.
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Search 101: Closed box

24

Never forget: You are searching for physics beyond the standard 
model. If you find anything, this is the greatest news in (particle) 
physics for decades.


We used to call these analysis “blind”: Do not look at any data until 
the full analysis is established on simulation and convenors have given 
you green light (your collaboration has very clear rules).


We do this to not (unintentionally) bias ourself to finding (or not finding) 
anything in data.


Be aware that machine learning methods must be unbiased, too!
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Search 101: Signal
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Short summary M��

3/6 07. 07. 2021 Lucas Weidemann: B
± ! K

±
(a ! ��) Belle II, ETP, KIT Department of Physics

M�� plots

plot by Lucas Weidemann

Produce MC samples for 
hundreds of mediator 
masses


Parametrise signal shape 
(“signal PDF”) so that you 
can use this in a fit to 
data later (only the signal 
yield will be a free 
parameter)


You often also need the 
mass resolution for a later 
step in “Search 101”…
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Search 101: Triggers
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events I like
events you like

events nobody likes

events we can record

all events

Make sure that you 
detector does 
record the events 
you like!
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Search 101: Background
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Everything that looks like your signal is your 
background


If you are looking for a peak, you are particularly 
worried about “peaking backgrounds”


J/Ψ decaying to leptons (looks like dark photons)


Neutral mesons (π0, η, η’) decaying to photons (look like ALPs)


Sometimes the peak is less obvious: e.g. in a search with 
three photons: ee→γω , ω→π0γ


Experience helps a lot here, so talk to your supervisor and 
peers!


You usually would like to reduce your 
background as much as possible.

nu
m

be
r o

f e
ve

nt
s

reconstructed mass
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Search 101: Punzi figure of merit
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You can spend a lot of time optimizing your selection: 
 
 

a=5 (==5σ) when optimizing a discovery


Note that you only need the signal efficiency, not the signal yield!


Your selection can (and often will) depend on the unknown mass of the 
mediator


Rules of thumb:

“Cut hard, finish early”


Apply the strongest (and mass-independent) selection first

5.4. Figure of Merit563

The selections are optimized using the Punzi figure of merit (PFM) [11]:564

565

PFM =
✏S

a
2 +

p
B
. (10)

where ✏S is the signal e�ciency, a is the number of sigmas corresponding to one-sided Gaus-566

sian tests at a given significance, chosen to be a = 5, and B is the number of background567

events. We avoid choosing cuts close to decreasing slopes in the PFM, due to possible568

discrepancies between MC and data.569

570

We study the trend of the PFM as a function of the selection applied on one of the571

variables we use in the selection, while leaving the other ones fixed. This is done both before572

and after having applying selections on the other variables, to check that the selection on573

the studied variable actually provides an increase in the PFM.574

575

This optimization has been performed with two di↵erent angular acceptances: using the576

CDC acceptance5, or only a subset of the ECL barrel acceptance6. We excluded the first and577

last 5�, to avoid potential problems connected with improper cluster reconstruction due to578

shower leakage outside of the barrel itself. We therefore define a reduced barrel acceptance,579

[37.3�, 123.7�], for this comparison. Figure 42 shows an example of this study, performed580

with both acceptances. For each ALP mass benchmark, the PFM is higher when using the581

reduced barrel acceptance rather than the full ECL. In all other Figures, we will thus show582

only the PFM trend for the reduced barrel acceptance.583

584

Based on our optimization, we conclude that there is no need to adopt mass-dependent585

working points.586

5 The CDC acceptance is [17�, 150�].
6 The full ECL barrel acceptance is [32.3�, 128.7�].

62

B = number of background events in the “signal region”

εS: signal efficiency in the “signal region”

https://arxiv.org/pdf/physics/0308063.pdf

https://arxiv.org/pdf/physics/0308063.pdf
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Search 101: Punzi figure of merit
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FIG. 10: Punzi Figure of Merit, for di↵erent ALP masses, as a function of the energy cut.

(a) Significance for diphoton mass defition,

photon energy cut = 1000 MeV.

(b) Upper limit on cross section for diphoton

mass defition, photon energy cut = 1000 MeV.

FIG. 11: Significance and upper limit on the cross section, using the selection described

above. 10 random extractions on background-only MC. Systematic excesses at around 3.5

GeV/c2 are visible in both plots.

25

good

bad

ee → γa, a → γγ

plot by Michael De Nuccio
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Search 101: Fits to data
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Rule of thumb: Fit in steps of at 
most half the signal resolution 
(can easily be hundreds of fits for 
a 1D search)


Calculate the local significance 
using signal+background and 
background only fits


Typically (and you must decide 
this before unblinding!): If more 
than 3σglobal* you will claim 
discovery

*We are searching for a signal anywhere, not a specific mass, you must take into account the “look-elsewhere-effect”
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Search 101: Brazil bands
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Search 101: Set limits
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co
up

lin
g 

st
re

ng
th

mediator mass 

excluded region

(careful: sometimes log-
scale or linear scale)

(careful: sometimes cross 
section, branching fractions, 
couplings or any combination 

thereof…)
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�

�

SM

SM

�

�

0001001011

0.0001

0.001

0.01

• At early times,               , both DM annihilation 
and production (inverse annihilation) are 
efficient

• As temperature drops,               , DM 
production is kinematically disfavored, and DM 
begins to annihilate away

• Eventually, DM freeze-out occurs when 
annihilation rate becomes smaller than the 
Hubble rate

• Relic abundance of DM controlled by the 
annihilation cross section

T � m�

T . m�

h�vi

Dark Matter as a Thermal Relic

10

? ?
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Portal models �1

STANDARD MODEL (KNOWN)

?

DARK SECTOR (UNKNOWN)
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Portal models: What to search for?

EFT for a (neutral) hidden sector

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

(possibly large) NP scale Λ

Standard Model  Dark Sector

"12

mediators

(+ gravity)

L =
X

n=k+l�4

cn

⇤n
O

(SM)
k O

(med)
l = Lportals +O

✓
1

⇤

◆
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2
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N L̄iHNj +O

✓
1

⇤

◆

�(1�loop) �
ee�

12�2
ln

�
�UV

�

�
e.g.

Vector Portal: massive dark photon A’ mixes with SM γ with strength ε 
Scalar Portal: Additional dark Higgs(es) 
Neutrino Portal: Sterile Neutrinos, heavy neutral leptons (HNLs) 

e.g. Axion Portal: Massive ALPs with couplings to SM bosons 

T2K: https://arxiv.org/abs/1902.07598v2, Belle: https://arxiv.org/abs/1301.1105

Belle II: https://arxiv.org/abs/2007.13071

https://arxiv.org/abs/1902.07598v2
https://arxiv.org/abs/1301.1105
https://arxiv.org/abs/2007.13071
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Dark photons: A’
Probably THE benchmark model for 
portal model searches


Not a Dark Matter candidate itself (unless 
mA’ ≪ 2me), but an excellent mediator


Comes in two experimentally very 
different versions:


mA’ > 2mχ: Decays to invisible NP particle χ 
kinematically allowed, χ could be DM! (“invisible dark 
photons”)


mA’ < 2mχ: Only decays back to SM particles 
kinematically possible (“visible dark photons”)

four free parameters: 
• dark photon mass mA’  

• χ mass (dark matter candidate) 
• dark coupling αD  
• kinetic mixing parameter ε

A’
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Dark photons: Invisible

✏

� A�

�1

�2

�

FIG. 1: The production of a dark
photon by kinetic mixing,
with an initial-state
radiated photon. The
kinetic mixing is
parameterised with the ✏
parameter. This is the
default new-physics
scenario considered in
this analysis.

1. INTRODUCTION

Dark-sector theories of particle dark matter are a category of models where the dark
matter only interacts with the Standard Model (SM) particles via an indirect coupling to
a so-called portal particle. These models should be seen in contrast to weakly-interacting
massive particle (WIMP) models where the dark matter candidate has a mass and coupling
on the electroweak scale.

The addition of a U(1) vector boson field, a so-called dark photon (A0), is one such theory
which has been established for some time [1, 2]. Dark photons are massive, and couple only
to the electromagnetic photon via kinetic mixing. This production by kinetic mixing is
shown in Fig. 1.

A pseudoscalar axion-like particle (ALP) features in many extensions of the SM. Such a
particle could also act the a portal to a dark sector.

We present a search for single photon events in e+e� collisions at Belle II. These events
can be caused by the direct production of a dark photon with an initial-state radiation (ISR)
photon, or by a long-lived ALP which decays outside of the detector volume [3]. The latter
corresponds to the green region in the right hand side of Fig. 2. The production of an ALP
is shown to the left of Fig. 2.

This analysis is designed to be model-independent, however we take dark photon model
as our default for signal sensitivity.

1.1. Overview of the literature

A competitor search for single photon events (interpreted as dark photon e+e� ! �A0 !
�(��̄)) has been performed by BaBar [5]. This su↵ered from a large systematic uncertainty
caused by the gaps between calorimeter crystals in combination with less e�cient triggers.
Related searches for the visible final state of the dark photon, namely: e+e� ! �A0 !
�(`+`�), have been performed by BaBar [6] and BESII [7]. The analysis at Belle II was
proposed as part of the B2TiP report [8], and extended in terms of the ALP interpretation
in Ref. [3]. A preliminary projected sensitivity with the dark photon interpretation is shown
in Fig. 3, and the ALP sensitivity is shown in Fig. 4.

3

Signal
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Dark photons: Invisible

p �
�

Target/
Dump DetectorDirt

Proton
Beam

e�, n, p, . . .

Dark matter production in 
proton-target collisions

Dark Matter 
scattering in detector

[BB, Pospelov Ritz]
[deNiverville, Pospelov Ritz]
[McKeen, deNiverville, Ritz]
[Coloma, Dobrescu, Frugiuele, Harnik]
[Kahn, Krnjaic, Thaler, Toups]
… many others

Proton Beam Dump Dark Matter Searches

• Can be done with existing and near future 
accelerator neutrino experiments, e.g., 
MiniBooNE, NOvA, T2K, MicroBooNE, SBND, 
ICARUS, DUNE…

24

BdNMC [deNiverville, Chen, Pospelov, Ritz]
https://github.com/pgdeniverville/BdNMC/releases

• Publicly available proton beam fixed target DM simulation tool developed by 
P. deNiverville (LANL)

Dark matter detection via scattering: 

Elastic electron, nucleon , 
nucleus (coherent) scattering

Inelastic neutral pion 
production

Deep inelastic scattering

Neutral mesons decays
Bremsstrahlung + vector 

meson mixing
Direct production

q̄

q χ

χ†γ V

�

�

V�
q

q̄

Dark matter production mechanisms:

25

from. B. Batell
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Dark photons: Invisible
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FIG. 24. Comparison of the MiniBooNE confidence level limits (solid lines), and sensitivities (dashed lines) to other experiments for
(a) Y as a function of mχ assuming αD ¼ 0.5 and mV ¼ 3mχ and (b) in the leptophobic dark matter model with mV ¼ 3mχ . An
explanation of vector portal limits lines was given in Refs. [9,29,36–38]. An explanation of the leptophobic limit lines was given in
Refs. [8,34,35].
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FIG. 25. 90% confidence level in the vector portal dark matter model with (a) Y as a function ofmχ assuming αD ¼ 0.1 andmV ¼ 3mχ
and (b) αD ¼ 0.1 and mV ¼ 7mχ . An explanation of the limit lines was given in Refs. [9,29,36–38].

DARK MATTER SEARCH IN NUCLEON, PION, AND … PHYS. REV. D 98, 112004 (2018)

112004-17

PRD98,112004 (2018)

shaded regions are excluded at 90% C.L.

model has four free parameters 
→ fix two of them
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explanation of vector portal limits lines was given in Refs. [9,29,36–38]. An explanation of the leptophobic limit lines was given in
Refs. [8,34,35].
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Dark photons: Invisible

relic density*: ⟨σv⟩ ∼
ϵ2αDαm2

χ

m4
A′ 

∼
y

m2
χ

dark photon explanation for g-2

�

�

SM

SM

�

�

0001001011

0.0001

0.001

0.01

• At early times,               , both DM annihilation 
and production (inverse annihilation) are 
efficient

• As temperature drops,               , DM 
production is kinematically disfavored, and DM 
begins to annihilate away

• Eventually, DM freeze-out occurs when 
annihilation rate becomes smaller than the 
Hubble rate

• Relic abundance of DM controlled by the 
annihilation cross section

T � m�

T . m�

h�vi

Dark Matter as a Thermal Relic

10

* The relic density calculation os untrivial with many 
(published) mistakes in the past, more details: 

Duerr, TF, Hearty, Kahlhoefer, Schmidt-Hoberg, Tunney, J. 
High Energ. Phys. 2020, 39 (2020), arXiv:1911.03176
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Dark photons: Invisible
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Dark photons: Visible
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Figure 17: Dark photon into visible final states: Á versus mAÕ . Filled ar-
eas are existing limits from searches at experiments at collider/fixed target (A1 [412],
LHCb [235],CMS [413],BaBar [354], KLOE [256, 355, 414, 415], and NA48/2 [358]) and
old beam dump: E774 [352], E141 [353], E137 [346, 416, 417]), ‹-Cal [418, 419], CHARM
(from [420]), and BEBC (from [421]).Bounds from supernovae [126] and (g ≠ 2)e [422] are
also included. Coloured curves are projections for existing and proposed experiments: Belle-
II [423]; LHCb upgrade [424, 425]; NA62 in dump mode [426] and NA64(e)++ [338, 339];
FASER and FASER2 [376]; seaQUEST [194]; HPS [427]; Dark MESA [428], Mu3e [429],
and HL-LHC [372]. Figure revised from Ref. [9].

– 70 –

no DM candidate → no relic targets

Belle II sensitivity
dark photon explanation 

for g-2 ruled out

FIPS 2020: https://arxiv.org/abs/2102.12143

https://arxiv.org/abs/2102.12143
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Dark photons with a twist: Z’

What if the Z’ is 
electrophobic?

dark photon explanation 
for g-2 ruled out?
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Fig. 2: Recoil mass spectrum of the µ+µ� sample. Simu-
lated samples (histograms) are rescaled for luminosity, trigger
(0.79), and tracking (0.90) efficiencies, and the correction fac-
tor (0.75, see text). Histogram bin widths indicate the recoil
mass windows.

where only values g0  1 are displayed. The observed
upper limits for models with BF(Z 0 ! invisible) < 1 can
be obtained by scaling the light blue curve as 1/

p
BF.
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Fig. 3: 90% CL upper limits on coupling constant g0. Dark
blue filled areas show the exclusion regions for g0 at 90% CL,
assuming the Lµ � L⌧ predicted BF for Z0 ! invisible; light
blue areas are for BF(Z0 ! invisible) = 1. The solid and
dashed lines are the expected sensitivities in the two hypothe-
ses. The red band shows the region that could explain the
muon anomalous magnetic moment (g � 2)µ ± 2� [1, 5]. The
step at MZ0 = 2mµ for the Lµ � L⌧ exclusion region reflects
the change in BF(Z0 ! ⌫⌫̄).

The final recoil mass spectrum of the e±µ⌥ sample is
shown in Fig. 4, together with background simulations.
Again, no anomalies are observed above 3� local signifi-
cance [28]. Model-independent 90% CL upper limits on
the LFV Z 0 efficiency times cross section are computed
using the Bayesian procedure described above and cross-
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Fig. 4: Recoil mass spectrum of the e±µ⌥ sample. Simu-
lated samples (histograms) are rescaled for luminosity, trigger
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checked with a frequentist Feldman-Cousins procedure
(Fig. 5). Additional plots and numerical results can be
found in the supplemental material [28].
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Fig. 5: 90% CL upper limits on efficiency times cross section
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In summary, we have searched for an invisibly decay-
ing Z 0 boson in the process e+e� ! µ+µ�Z 0 and for a
LFV Z 0 in the process e+e� ! e±µ⌥Z 0, using 276 pb�1

of data collected by Belle II at SuperKEKB in 2018. We
find no significant excess and set for the first time 90%
CL upper limits on the coupling constant g0 in the range
5 ⇥ 10�2 to 1 for the former case and to the efficiency
times cross section around 10 fb for the latter. The
full Belle II data set, with better muon identification,
a deeper knowledge of the detector, and the use of mul-
tivariate analysis techniques should be sensitive to the
10�3 – 10�4 g0 region, where the (g� 2)µ band currently

Belle II: https://arxiv.org/abs/1912.11276

https://arxiv.org/abs/1912.11276
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Beyond searches 101: Long-lived particles
Belle II Detector (Torben Ferber) 32Displaced vertex with charged 

particles, pointing back to interaction 
point

Displaced vertex with charged 
particles and missing energy, not 
pointing back to interaction point

Displaced vertex with photons 
without pointing resolution.Long-lived particles appear naturally 

for small couplings


Exploited in beam dumps (neutrino 
near detectors)


But: Collider detectors (and software) 
optimized for particles from the 
collision points!


Triggers, reconstruction, simulation, …
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Belle II Detector (Torben Ferber)

32
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Beyond searches 101: Long lived particles

plots by Alex Heidelbach
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Beyond searches 101: Complex dark sectors

e+

e−

γ

χ2

χ1

A′γ

χ1

e+, µ+, hadron

e−, µ−, hadron

A′∗

five free parameters: 
• dark photon mass mA’ 

• χ1 mass (stable dark matter candidate) 
• mass difference Δ=mχ2 - mχ1 
• dark coupling αD 
• kinetic mixing parameter ε

Inelastic dark matter, mχ2 > mχ1
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Beyond searches 101: Complex dark sectors
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Figure 6: Sensitivity of Belle II to the parameter space of inelastic DM for an integrated

luminosity of 20 fb�1 for mA0 = 2.5 m�1 .

As expected, the search for displaced decays performs best precisely in the region

of parameter space where the mono-photon signal is suppressed and promises substantial

improvements in particular for large mass splitting �. But even for small mass splitting

there is substantial room for improvement at large DM masses, corresponding to photon

energies that would be too small to be observed in the absence of an additional lepton

pair. Indeed, the sensitivity of the search for displaced decays extends even into the o↵-

shell region, where mA0 >
p

s. In this region the energy of the visible photon is no longer

mono-energetic and peaks at E(�) ! 0, making the conventional strategy to perform a

bump hunt to search for dark photons impossible. In this region the presence of a displaced

lepton pair is therefore essential.

Figure 7 shows the expected sensitivity for the 2 GeV cluster trigger, the three isolated

clusters trigger, and the displaced vertex trigger separately for an integrated luminosity of

– 20 –
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Figure 6: Sensitivity of Belle II to the parameter space of inelastic DM for an integrated

luminosity of 20 fb�1 for mA0 = 2.5 m�1 .

As expected, the search for displaced decays performs best precisely in the region

of parameter space where the mono-photon signal is suppressed and promises substantial

improvements in particular for large mass splitting �. But even for small mass splitting

there is substantial room for improvement at large DM masses, corresponding to photon

energies that would be too small to be observed in the absence of an additional lepton

pair. Indeed, the sensitivity of the search for displaced decays extends even into the o↵-

shell region, where mA0 >
p

s. In this region the energy of the visible photon is no longer

mono-energetic and peaks at E(�) ! 0, making the conventional strategy to perform a

bump hunt to search for dark photons impossible. In this region the presence of a displaced

lepton pair is therefore essential.

Figure 7 shows the expected sensitivity for the 2 GeV cluster trigger, the three isolated

clusters trigger, and the displaced vertex trigger separately for an integrated luminosity of

– 20 –

displaced search

invisible search

mχ1 ≈ mχ2 mχ1 ≪ mχ2

two parameters fixed: αD and mA’/mχ1

one parameter changed per plot: Δ Duerr, TF, Hearty, Kahlhoefer, Schmidt-Hoberg, Tunney, J. 
High Energ. Phys. 2020, 39 (2020), arXiv:1911.03176
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Beyond searches 101: Multiple mediators

seven free parameters: 
• dark photon mass mA’ 

• χ1 mass (stable dark matter candidate) 
• mass difference Δ=mχ2 - mχ1 
• dark coupling αD 
• kinetic mixing parameter ε 
• dark higgs mass mh’ 
• dark higgs mixing angle θ

Inelastic dark matter and dark higgs

e+

e−

γ

χ2

χ1

A′γ

χ1

e+, µ+, h+

e−, µ−, h−

A′

e+

e�
A0�

�2

�1

�1

e+, µ+, h+

e�, µ�, h�

A0

A0

µ�, h�, ⌧�

µ+, h+, ⌧+

h0

Figure 1: Feynman diagrams depicting the leading search channels for inelastic DM: A0

production in association with a single photon (left) and A
0 production in association with

a dark Higgs h0 (right) with subsequent decays into both visible and dark sector states.

add-ons to the LHC such as FASER [50], MATHUSLA [51], and CODEX-b [52] or possible

future beam dumps such as LDMX [53] and SeaQuest [46]. Also the bounds on the direct

production and observation of the dark Higgs h0 will become ever more stringent, see e.g.

[14] for a recent overview.

3 Light dark Higgs at Belle II

The current scenario can lead to a number of di↵erent signatures at Belle II. One signature

arises from direct production of the dark Higgs h
0 in B decays, B ! K

(⇤)
h
0 as discussed

in [17]. Assuming visible decays with branching ratios as expected from Higgs mixing,

Belle II can reach a sensitivity down to a mixing angle of ✓ ⇠ 10�5, assuming a final

integrated luminosity of 50 ab�1.

Another possibility is direct production of the dark photon A
0 through the kinetic

mixing with the SM photon with subsequent decay into dark matter states �1 and �2 as

depicted in Fig. 1. The production of A0 in association with a photon (left panel) has been

discussed in detail in [26]. Depending on the decay length of �2 the signature is either (i) a

single photon with a displaced pair of charged particles and missing energy or (ii) a single

photon with missing energy. Below we will implement these searches as described in [26].7

The process we will mainly concentrate on in this work includes a dark Higgs h
0 in

the intermediate state as depicted in the right panel of Fig. 1, leading to a signature with

missing energy and two pairs of charged particles. Specifically we will consider �2 !

�1�
+
�
� with � = e, µ,⇡,K and h

0
! �

+
�
� with � = µ,⇡,K, ⌧ . The decay h

0
! e

+
e
�

is very suppressed due to the small Yukawa coupling and charged hadrons other than

⇡,K are typically too short-lived to contribute to the signature. Pions and kaons behave

similar to muons in the detector, so we will treat all of these particles identically in our

analysis. To reduce backgrounds we will concentrate on the case where at least one pair of

charged particles has a significant displacement. Before we enter a detailed discussion of

the signature however, let us first describe the relevant aspects of the Belle II experiment.

7
In the current work we improve the description of the total �2 decay width as described in the appendix.
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Beyond searches 101: Multiple mediators
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Figure 5: Expected sensitivities of the di↵erent searches at Belle II in the (left) mh0 �mA0

plane and in the (right) mh0 �↵f plane for integrated luminosities of 100 fb�1 (solid lines)

and 50 ab�1 (dashed lines).

Regarding future sensitivities we show estimates for NA62 (as given in [17]), SHiP (as

given in [49]) and a possible Belle II search for the rare decay B ! Kh
0 [18]. For the given

set of parameters the monophoton as well as the ‘displaced+�’ searches are not sensitive.

The signature associated with the dark Higgs however is sensitive down to very small values

of the mixing angle ✓. This remarkable sensitivity can be understood from the fact that

the production cross section is large and does not depend on ✓. The lower boundary of

the sensitivity is therefore just given by the maximal h0 decay length which still allows for

2.3 events to decay within the sensitive region of the detector. The maximal decay length

which Belle II can be sensitive to corresponds to more than 105m.

In Fig. 5 we show the sensitivities of the di↵erent Belle II searches in the mh0 � mA0

plane (left) and in the mh0 �↵f plane (right). Note that we assume that in the parameter

region around mh0 ⇠ 0.5GeV the search does not have any sensitivity due to large KS

backgrounds (see the selection cuts in Tab 4), explaining the gap in our sensitivity. In

Fig. 6 we show the same planes as in Fig. 5 but restrict ourselves to the case of 100 fb�1 to

show more details of how the sensitivity region depends on the assumption of the presence

of a displaced vertex trigger. We see that a displaced vertex trigger could significantly

extend the reach in some regions of parameter space while in others there is only a mild

improvement. Experimentally, a displaced vertex track trigger would be orthogonal to the

calorimeter triggers and will hence provide a way to measure the trigger e�ciency.
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Take home messages

53

Dark Matter is here to stay  
→ promising scenarios testable with current experiments!


(g-2)μ is the largest single anomaly in particle physics  
→ very predictive and testable!


 We barely started to exclude parameter space in simple DM models only  
→ get involved now! 
 

More information:  
Feebly Interacting Particles Physics Centre 
https://pbc.web.cern.ch/fpc-mandate 

https://pbc.web.cern.ch/fpc-mandate
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Beyond searches 101
No background model → no discovery potential


typical for direct detection experiments, but also a problem if you have peaking backgrounds


Model independent searches

often weaker limits for specific models, but wider applicability to different models


theorists often recast model-dependent searches if we provide enough information


Bump-hunts only work in specific kinematic configurations

heavy mediator searches or interference effects can drastically change search strategy


…
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Searches for new physics: Three options

56

“Heavy” new physics in 
loop corrections

Heavy new 
mediators with 
large couplings

Light mediators 
with small 
couplings
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Searches for new physics: Light mediators
Experiments can measure stable (on detector 
timescales) final state particles like leptons, 
hadrons, or photons


New physics particles can not be stable and (QED) charged 
or we would have seen them already. 

At lepton colliders (e.g. SuperKEKB) missing 
energy and momentum allows searches for 
invisible final state (the full initial state is 
known)


At hadron colliders (e.g. LHC) missing 
transverse energy allows searches for invisible 
final state

DM?

SM

new physics, 
but not DM!



Torben Ferber - Searches for new physics

Search 101: NP mediator decaying to SM particles

light mediator M 
light NP decay products

heavy mediator

2me

mM = 2
mDM

decay product mass

m
ed

ia
to

r m
as

s

collision energy

light mediator M 
heavy NP decay products
decay in NP particle suppressed

decay in NP particle

decay to two NP particles forbidden

NP

NP SM

SM

γ 
γ 
γ 


