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q Theoretical framework of  dark photon searches 

q NA48/2 and NA62 experiments at CERN 
 

q NA48/2 searches of  dark photon, A’/X     (published)   
u π0  −>γA’  and  A’ −> e+e− 

o π0  −>γe+e−	events selected from K±  −>π±π0	and K± −>π0μ±ν 

u  K±  −>π±X  and  X −>μ+μ−	

q NA62 searches of  dark photon, on-going studies 
u  Long-lived A’ −>μ+μ− , data taking in beam dump mode	
u π0 −>γA’  and  A’ −> χχ  (invisible)  

q Summary 
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q Assume an extra U(1) gauge symmetry connected with 
the SM U(1) via kinetic mixing of  their gauge fields 
u  The extra U(1) gauge boson, A’ or dark photon, has a mass 
u  ε – mixing and mA’ – mass are the theory free parameters  

q Dark photon can couple with the SM fermions 
u  qf – are shifts of  electromagnetic charges and not necessarily 

the same for all SM fermions 
o  e.g., qf =0 for all quarks P.	Fayet,	Phys.	Le-.	B	675	(2009)	267	

B.	Holdom,	Phys.	Le-.	B	166	(1986)	196	
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The simplest hidden sector model introduces an extra 

U(1) gauge symmetry with its gauge boson: the dark photon (A’). 

QED-like interaction with SM fermions: 
(not all SM fermions 

need to be charged 

under this new symmetry) 

Coupling constant and charges can be generated through 

kinetic mixing between the QED and the new U(1) gauge bosons 

Motivations: 
 

1) Possible explanation for positron (but not 

antiproton) excess in cosmic rays (PAMELA, 

FERMI, AMS-02) by dark matter annihilation. 
 

2) Possible solution for the muon g—2 anomaly. 
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Simplest dark photon model

Mauro Raggi, Sapienza Universita' di Roma 3

¤ The simplest hidden sector model just introduces one extra U(1) gauge 
symmetry and a corresponding gauge boson:  the “dark photon" or A’ boson.

¤ The coupling constant and the charges can be generated effectively 
through the kinetic mixing between the QED and the new U(1) gauge bosons

u In this case the new coupling constant = ee is just proportional to electric charge
and it is equal for both quarks and leptons.

¤ As in QED, this will generate new interactions with SM fermions of type:

u Not all the SM particles need to be charged under this new symmetry

u In the most general case qf is different in between leptons and quarks and can 
even be 0 for quarks. P. Fayet, Phys. Lett. B 675, 267 (2009)

A’g

A’qf

B. Holdom Phys.Lett. B166 (1986) 196

Simplest dark photon model

Mauro Raggi, Sapienza Universita' di Roma 3

¤ The simplest hidden sector model just introduces one extra U(1) gauge 
symmetry and a corresponding gauge boson:  the “dark photon" or A’ boson.

¤ The coupling constant and the charges can be generated effectively 
through the kinetic mixing between the QED and the new U(1) gauge bosons

u In this case the new coupling constant = ee is just proportional to electric charge
and it is equal for both quarks and leptons.

¤ As in QED, this will generate new interactions with SM fermions of type:

u Not all the SM particles need to be charged under this new symmetry

u In the most general case qf is different in between leptons and quarks and can 
even be 0 for quarks. P. Fayet, Phys. Lett. B 675, 267 (2009)

A’g

A’qf

B. Holdom Phys.Lett. B166 (1986) 196



Theory Framework 

Gia	Khoriauli		-		Dark	Photon	Search	with	NA48/2	&	NA62		-		Flavour	and	Dark	MaAer		-		27.09.2017	 4	

q Assume dark photon (DP) decays only into SM fermions 
u  DP decays only into an electron pair if  mA’ < mπ0  

Batell,	Pospelov	and	Ritz,	PRD	79	(2009)	115008	

ΓA’	≈	Γ(A’	−>	e+e-)	≈	αε2mA’	/3	

mπ0	

2mμ	

mK	

mA’		(GeV/c2)	

Γ A
’		(
Ge

V)
	

assuming	ε2	=	10-4		

1. !V

We begin with the decays of the vector V!. Through
mixing with the photon, V! will decay to SM leptons, with
partial width

!V!ll ¼
1
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Also, for masses mV > 2m$, V! will decay to hadrons.
Since mV may overlap with hadronic resonances, we will
use the fact that the total decay width to hadrons can be
directly related to the cross section %eþe"!hadrons,

!V!hadrons ¼
1

3
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(5)

where as usual R ¼ %eþe"!hadrons=%eþe"!!þ!" . In the
compilation of the hadronic cross section, the lowest data
point is at

ffiffiffi
s

p ¼ 0:36 GeV [22,23], well above the pion
threshold. Therefore, in the intermediate range above the
threshold we use the cross section for eþe" ! $þ$"

[23,24].
We show in Fig. 1 the total V decay width and branching

ratios for # ¼ 10"2. We see that for most values ofmV , the
vector will have a significant branching to leptons (unless
mV happens to coincide with a hadronic resonance). Note
also that it is possible for the vector to decay to neutrinos
due to kinetic mixing with the Z boson, but this will be
suppressed by a factor m4

V=m
4
Z & 10"8 for a GeV-scale

vector and can safely be neglected.

2. !h0

Next, we consider the decays of the Higgs’. The decay
characteristics of the h0 depend on whether it is heavier or
lighter than the vector. Let us first consider mh0 > 2mV , in
which case the h0 decays predominantly to a pair of real

vectors, with partial width

!h0!VV ¼ "0m3
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where "0 ¼ e02=4$. For the casemh0 <mV , the Higgs’ can
decay to leptons and hadrons via two off-shell vectors V'

!

[25]:
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with &ðA; B;CÞ ¼ A2 þ B2 þ C2 " 2AB" 2AC" 2BC.
In fact, Eq. (7) can also be used to calculate the decay to
one real and one virtual vector h0 ! VV' for the regime
mV <mh0 < 2mV as well as two real vectors [Eq. (6)] with
the replacement of the Breit-Wigner peak by a delta
function.
If the Higgs’ is light, then loop-induced decays become

important. For example, the Higgs’ can decay into a pair of
leptons through a triangle graph

!h0!ff ¼ "0"2#4mh0
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where the form factor I is

FIG. 1. Total width !V ðGeVÞ and branching ratios for V: V ! eþe" (dashed), V ! !þ!" (dotted), and V ! 'þ'" (dotted-
dashed), and V ! hadrons (solid) for the choice of # ¼ 10"2 and "0 ¼ ".
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q Assume dark photon (DP) decays only into SM fermions 
u  Region for DP search in μ+μ- channel:  2mμ < mA’ < 2mπ0  

Batell,	Pospelov	and	Ritz,	PRD	79	(2009)	115008	

mA’		(GeV/c2)	

BR
(A
’	−
>	
ll,
hh

)	

μ+μ−	

e+e−	

τ+τ−	

hadrons	



Dark photon and g-2µ

Mauro Raggi, Sapienza Universita' di Roma 4

About 3s discrepancy between theory and
experiment. Could be due to hadronic
uncertainties on the Light by Light scattering?

A’

g-2 in the standard model

g-2 and A’

M. Pospelov
Phys.Rev. D80 (2009) 095002 

Additional diagram with dark
photon exchange can fix the

discrepancy!
(with sub GeV A’ masses J)
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q Dark photon as a possible explanation of  the g-2 puzzle 

A’	

?	

q DP mass in sub GeV range 
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q Dark photon as a possible explanation of  the g-2 puzzle 

A’	

?	
Impact of NA48/2 measurement

Mauro Raggi, Sapienza Universita' di Roma 15
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Favored region (g-2)µ still 
available in the low mass region.

Visible decay searches early 2015

q DP mass in sub GeV range 

q Status of  searches by early 2015 
u  Favouredεand mA’ values by g-2 

(green band) 
u  Still not ruled out mA’ region 

o  ~ 15 – 30 MeV/c2 
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The NA48/2 and NA62 experiments @ SPS

Mauro Raggi, Sapienza Universita' di Roma 6

Jura mountains

Geneva airport

France

Switzerland
SpS

NA48/2 & NA62

NA48/2   collaboration: 15 institutes from 8 countries:
NA62      collaboration: 29 institutes from 13 countries
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q Fixed-target experiments at 
CERN North Area 
u  400 GeV/c proton beam 

from SPS 
u  Kaons from target decaying 

in-flight 

CERN NA48/NA62 experiments 

SPS 
NA48/NA62: 
centre of the LHC 

Jura mountains 

Geneva airport 

France 

Switzerland 

LHC 

N 

Kaon decay in flight experiments. 
NA62: currently ~200 participants, 30 institutions 
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q Simultaneous K± beam 
u  pK=60 GeV/c  
u  ΔpK/pK=4% 
u  Total K± decays: ~1011 
u Main triggers: 

o  Three-tracks 
o  Κ± à π± π0π0    

10	
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q Simultaneous K± beam 
u  pK=60 GeV/c  
u  ΔpK/pK=4% 
u  Total K± decays: ~1011 
u Main triggers: 

o  Three-tracks 
o  Κ± à π± π0π0    

q Major sub-detectors 
u  Spectrometer, 4 drift chambers 

o  σp/p = 1.02% + 0.044%�p (GeV/c) 

u  Scintillator hodoscope 
o  Fast trigger, time measurement, σt ≈ 200 ps  

u  LKr electromagnetic calorimeter 
o  σE/E = 1.4% @ 10 GeV 
o  σx = σy = 1.5mm @ 10 GeV 

11	
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q K+ beam 
u  6% of  the secondary beam 
u  pKaon = 75 GeV/c 
u  ΔpK = 1 GeV/c (RMS) 
u  Total Kaon decays: ~1013 

o  To be recorded by 2018 

q Many new sub-detectors 
compared to NA48 

q Advanced trigger (FPGA 
based) and data 
acquisition systems 
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Figure 1: Schematic layout of the NA62 experiment in the xz plane.

and timing. Photon rejection in the forward region is provided by the liquid krypton
calorimeter (LKr), an intermediate ring calorimeter (IRC) and a small angle calorimeter
(SAC). Hadron calorimeters (MUV1 and MUV2) and plastic scintillator detectors (MUV0
and MUV3) are used to suppress muons while particles in the beam region are deflected
by a sweeping magnet. A hadron calorimeter (HASC) placed laterally to the beam pipe
between the last sweeping magnet and the SAC detects ⇡+ from K+ decays traveling
along the beam. The T10 target is the origin of the NA62 reference frame system; the z
axis is directed along the detector axis, oriented from T10 towards the dump; the y axis
is directed upwards and the x axis is oriented to form a right-handed reference system.

3 Trigger

A two-level trigger architecture is used for data taking. Level 0 (L0) signals (“primitives”)
are generated by individual detectors and sent to a L0 trigger processor (L0TP). L0TP
combines the primitives and provides L0 trigger decisions; depending on the L0 trigger,
detectors send data to the NA62 PC-Farm. The PC-Farm assembles the events and runs
Level 1 (L1) software trigger algorithms to reduce data further before finally being stored
on disk.

3.1 Level 0

The principal L0 primitives used during most of the 2016 data taking are the following.
The L0TP logic is based on coincidences of these signals within a 12.5 ns wide time
window.

• The RICH condition approximately corresponds to a coincidence of signals in at
least three RICH photomultipliers (PMT) (typically in a 25 ns time window). It
forms the basis of all physics triggers and provides the trigger time.

• The Q1, Q2 and QX conditions correspond to a signal in any CHOD tile, coincidences
of signals in at least two quadrants and in opposite quadrants (typically in a 10 ns
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valid	for	ε2	<<	1		

q Analysis region  
u  9 MeV/c2 < mA’ < 120 MeV/c2 

o  No sensitivity for εin region 
mA’ >120 MeV/c2 
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� For H2>10�7 and mA’>10 MeV/c2, 
DP path length is negligible with 
respect to the resolution on the 
vertex longitudinal coordinate (~1 m). 

 

� Therefore prompt DP decay is assumed. 
 

� DP production and decay signature 
(S0oJA’, A’oe+e�) is identical 
to that of S0

DoJe+e� decay. 

E. Goudzovski / PLANCK2015, 29 May 2015 

Mean free path at EA’=50 GeV 
(maximum energy at NA48/2): 

assuming	ε2	=	10-6		

q DP proper lifetime below the di-muon threshold:  

q mA’ >10 MeV/c2  and ε2>10-7 

u  A’ decay length << 1 m 
(resolution of  z-coordinate) 

q A’ prompt decay  
u  Analysis channel has the 

same signature as π0 Dalitz 
decay 
o π0 −>γA’ and A’−>e+e−	

o π0D −>γe+e− 

Introduction

Kaons are a source of tagged neutral pion decays, and high intensity kaon experiments provide
opportunities for precision π0 decay measurements. The NA48/2 experiment at the CERN SPS
collected a large sample of charged kaon (K±) decays in flight, corresponding to about 2× 1011

K± decays in the fiducial decay volume. This letter reports the search for a hypothetical dark
photon (DP, denoted A′) using a large sample of tagged π0 mesons from identified K± → π±π0

and K± → π0µ±ν decays.
In a rather general set of hidden sector models with an extra U(1) gauge symmetry [1],

the interaction of the DP with the visible sector proceeds through kinetic mixing with the
Standard Model (SM) hypercharge. Such scenarios with GeV-scale dark matter provide possible
explanations to the observed rise in the cosmic-ray positron fraction with energy and the muon
gyromagnetic ratio (g − 2) measurement [2]. The DP is characterized by two a priori unknown
parameters, the mass mA′ and the mixing parameter ε2. Its possible production in the π0 decay
and its subsequent decay proceed via the chain π0 → γA′, A′ → e+e−. The expected branching
fraction of the above π0 decay is [3]

B(π0 → γA′) = 2ε2
!

1−
m2

A′

m2
π0

"3

B(π0 → γγ), (1)

which is kinematically suppressed as mA′ approaches mπ0 . In the DP mass range 2me < mA′ <
mπ0 accessible in pion decays, the only allowed tree-level decay into SM fermions is A′ → e+e−,
while the loop-induced SM decays (A′ → 3γ, A′ → νν̄) are highly suppressed. Therefore, for
a DP decaying only into SM particles, B(A′ → e+e−) ≈ 1, and the expected total decay width
is [3]

ΓA′ ≈ Γ(A′ → e+e−) =
1

3
αε2mA′

#
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4m2

e

m2
A′

!

1 +
2m2

e

m2
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"

. (2)

It follows that, for 2me ≪ mA′ < mπ0 , the DP mean proper lifetime τA′ satisfies the relation

cτA′ = !c/ΓA′ ≈ 0.8 µm×
!

10−6

ε2

"

×
!

100 MeV/c2

mA′

"

. (3)

This analysis is performed assuming that the DP decays at the production point (prompt decay),
which is valid for sufficiently large values of mA′ and ε2, as quantified in Section 5. In this case,
the DP production and decay signature is identical to that of the Dalitz decay π0

D → e+e−γ,
which therefore represents an irreducible but well controlled background and determines the
sensitivity.

The NA48/2 experiment provides pure π0
D decay samples through the reconstruction of

K± → π±π0 andK± → π0µ±ν decays (denoted K2π andKµ3). Additionally, theK± → π±π0π0

decay (denoted K3π) is considered as a background in the Kµ3 sample. The K± → π0e±ν decay
is not considered for this analysis because of the ambiguity due to three e± particles in the final
state.

1 Beam, detector and data sample

The NA48/2 experiment used simultaneous K+ and K− beams produced by 400 GeV/c primary
CERN SPS protons impinging on a beryllium target. Charged particles with momenta of (60±3)
GeV/c were selected by an achromatic system of four dipole magnets which split the two beams
in the vertical plane and recombined them on a common axis. The beams then passed through
collimators and a series of quadrupole magnets, and entered a 114 m long cylindrical vacuum

4
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q NA48/2 data set: 2x1011 Kaon decays 
 
q Source decays of  π0: K± −>π±π0  (BR=20.7%) and K± 

−>π0μ±ν (BR=3.4%) 
 
q Signal event selection 

u  Three-track topology 
u  Search for narrow e+e− mass peak  

o  Excellent mass resolution:  σm = 0.067+0.0105×mee 

u  Limitation on sensitivity: π0 Dalitz decay background 

 
q Acceptance from 4.5% down to 0.5% depending on mA’  

q Final selection: 1.69x107 reconstructed π0 −>γe+e− events  
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q K± −>π±π0D	selection 
u  |mπγee − mK|<20 MeV/c2 
u  |mγee − mπ0|<8 MeV/c2 

u No missing momentum 
u  1.38×107 events selected 

K±	−>π±π0D	

K±	−>π0Dμ±ν	
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q K± −>π±π0D	selection 
u  |mπγee − mK|<20 MeV/c2 
u  |mγee − mπ0|<8 MeV/c2 

u No missing momentum 
u  1.38×107 events selected 

q K± −>π0Dμ±νselection 
u  m2

miss = (PK − Pμ −Pπ0)2 ≈ 0 
u  |mγee − mπ0|<8 MeV/c2 

u Missing momentum 
u  0.31×107 events selected 

K±	−>π±π0D	

K±	−>π0Dμ±ν	 K±	−>π±π0π0D	



q MC simulation of  the π0	Dalitz decay background 
u  Differential decay width at the lowest order 
 

u  Radiative corrections are applied (no real photon emission) 
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tank with a diameter of 1.92 to 2.4 m containing the fiducial decay region. Both beams had an
angular divergence of about 0.05 mrad, a transverse size of about 1 cm, and were aligned with
the longitudinal axis of the detector within 1 mm.

The vacuum tank was followed by a magnetic spectrometer housed in a vessel filled with he-
lium at nearly atmospheric pressure, separated from the vacuum by a thin (0.3% X0) Kevlar R⃝

window. An aluminium beam pipe of 158 mm outer diameter traversing the centre of the spec-
trometer (and all the following detectors) allowed the undecayed beam particles to continue their
path in vacuum. The spectrometer consisted of four drift chambers (DCH) with an octagonal
transverse width of 2.9 m: DCH1, DCH2 located upstream and DCH3, DCH4 downstream of a
dipole magnet that provided a horizontal transverse momentum kick of 120 MeV/c for charged
particles. Each DCH was composed of eight planes of sense wires. The DCH space point reso-
lution was 90 µm in both horizontal and vertical directions, and the momentum resolution was
σp/p = (1.02 ⊕ 0.044 · p)%, with p expressed in GeV/c. The spectrometer was followed by a
plastic scintillator hodoscope (HOD) with a transverse size of about 2.4 m, consisting of a plane
of vertical and a plane of horizontal strip-shaped counters arranged in four quadrants (each
logically divided into four regions). The HOD provided time measurements of charged particles
with 150 ps resolution. It was followed by a liquid krypton electromagnetic calorimeter (LKr),
an almost homogeneous ionization chamber with an active volume of 7 m3 of liquid krypton,
27 X0 deep, segmented transversally into 13248 projective ∼ 2×2 cm2 cells. The LKr energy
resolution was σE/E = (3.2/

√
E ⊕ 9/E ⊕ 0.42)%, the spatial resolution for an isolated electro-

magnetic shower was (4.2/
√
E ⊕ 0.6) mm in both horizontal and vertical directions, and the

time resolution was 2.5 ns/
√
E, with E expressed in GeV. The LKr was followed by a hadronic

calorimeter and a muon detector, both not used in the present analysis. A detailed description
of the beamline and detector can be found in Ref. [4, 5].

The NA48/2 experiment collected data in 2003–2004, during about 100 days of efficient data
taking in total. A two-level trigger chain was employed to collect K± decays with at least three
charged tracks in the final state [5]. At the first level (L1), a coincidence of hits in the two planes
of the HOD was required to occur in at least two of 16 non-overlapping regions. The second
level (L2) performed online reconstruction of trajectories and momenta of charged particles
based on the DCH information. The L2 logic was based on the multiplicities and kinematics of
reconstructed tracks and two-track vertices.

A GEANT3-based [6] Monte Carlo (MC) simulation including full beamline, detector geom-
etry and material description, magnetic fields, local inefficiencies, misalignment and their time
variations throughout the running period is used to evaluate the detector response.

2 Simulation of the π0

D
background

Simulations of the K2π, Kµ3 and K3π decays followed by the π0
D decay (denoted K2πD, Kµ3D

and K3πD) are performed to evaluate the integrated kaon flux and to estimate the irreducible
π0
D background to the DP signal. The K2π and Kµ3 decays are simulated including final-state

radiation [7]. The π0
D decay is simulated using the lowest-order differential decay rate [8]
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where Γ0 is the π0 → γγ decay rate, r = 2me/mπ0 , and F (x) is the pion transition form factor
(TFF). The kinematic variables are
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u  Radiative corrections are applied (no real photon emission) 

u π0	transition form-factor (TTF)  
 
u  TTF slope parameter, a, obtained from the measured mee 

spectrum of  the π0	Dalitz decay itself  
o  Insufficient precision from theoretical calculations or from previous 

measurements (PDG) 
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where Q1, Q2 and P are the four-momenta of the two electrons (e±) and the pion (π0), and mee

is the invariant mass of the e+e− pair.
Radiative corrections to the π0

D decay are implemented following the approach of Mikaelian
and Smith [8] revised recently to provide an improved numerical precision [9]: the differential
decay rate is modified by a radiative correction factor that depends on x and y. In this approach,
inner bremsstrahlung photon emission is not simulated, and its effects on the acceptance are not
taken into account.

The TFF is conventionally parameterized as F (x) = 1 + ax. Vector meson dominance
models expect the slope parameter to be a ≈ (mπ0/mρ)2 ≈ 0.03 [10], while detailed calculations
based on dispersion theory obtain a = 0.0307 ± 0.0006 [11]. Experimentally, the PDG average
value a = 0.032 ± 0.004 [12] is dominated by an e+e− → e+e−π0 measurement in the space-
like region [13], while the most accurate measurements from π0 decays have an uncertainty of
0.03. The precision on the radiative corrections to the π0

D decay is limited: in particular, the
missing correction to the measured TFF slope due to two-photon exchange is estimated to be
∆a = +0.005 [14]. Therefore the background description cannot rely on the precise inputs from
either experiment or theory.

An effective TFF slope is obtained from a fit to the measured mee spectrum itself to provide
a satisfactory background description (as quantified by a χ2 test) in the kinematic range mee >
8 MeV/c2. The lowmee region is not considered for the DP search as the acceptance computation
is less robust due to the steeply falling geometric acceptance at low mee and lower electron
identification efficiency at low momentum.

3 Event reconstruction and selection

Event selections for the K2π and Kµ3 decays followed by the prompt π0 → γA′, A′ → e+e−

decay chain are employed. These two selections are identical up to the momentum, invariant
mass and particle identification conditions. The principal selection criteria are listed below.

• Three-track vertices are reconstructed by extrapolation of track segments from the up-
stream part of the spectrometer into the decay volume, taking into account the measured
Earth’s magnetic field, stray fields due to magnetization of the vacuum tank, and multiple
scattering.

• The presence of a three-track vertex formed by a pion (π±) or muon (µ±) candidate and
two opposite sign electron (e±) candidates is required. Particle identification is based on
energy deposition in the LKr calorimeter (E) and momentum measured by the spectrome-
ter (p). Pions from K2π decays and muons from Kµ3 decays are kinematically constrained
to the momentum range above 5 GeV/c, while the momentum spectra of electrons originat-
ing from π0 decays are soft, peaking at 3 GeV/c. Therefore, p > 5 GeV/c and E/p < 0.85
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from data samples of fully reconstructed K2π and K± → 3π± decays.

• The tracks forming the vertex are required to be in the fiducial geometric acceptances of
the DCH, HOD and LKr detectors. Track separations in the DCH1 plane should exceed
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tank with a diameter of 1.92 to 2.4 m containing the fiducial decay region. Both beams had an
angular divergence of about 0.05 mrad, a transverse size of about 1 cm, and were aligned with
the longitudinal axis of the detector within 1 mm.

The vacuum tank was followed by a magnetic spectrometer housed in a vessel filled with he-
lium at nearly atmospheric pressure, separated from the vacuum by a thin (0.3% X0) Kevlar R⃝

window. An aluminium beam pipe of 158 mm outer diameter traversing the centre of the spec-
trometer (and all the following detectors) allowed the undecayed beam particles to continue their
path in vacuum. The spectrometer consisted of four drift chambers (DCH) with an octagonal
transverse width of 2.9 m: DCH1, DCH2 located upstream and DCH3, DCH4 downstream of a
dipole magnet that provided a horizontal transverse momentum kick of 120 MeV/c for charged
particles. Each DCH was composed of eight planes of sense wires. The DCH space point reso-
lution was 90 µm in both horizontal and vertical directions, and the momentum resolution was
σp/p = (1.02 ⊕ 0.044 · p)%, with p expressed in GeV/c. The spectrometer was followed by a
plastic scintillator hodoscope (HOD) with a transverse size of about 2.4 m, consisting of a plane
of vertical and a plane of horizontal strip-shaped counters arranged in four quadrants (each
logically divided into four regions). The HOD provided time measurements of charged particles
with 150 ps resolution. It was followed by a liquid krypton electromagnetic calorimeter (LKr),
an almost homogeneous ionization chamber with an active volume of 7 m3 of liquid krypton,
27 X0 deep, segmented transversally into 13248 projective ∼ 2×2 cm2 cells. The LKr energy
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calorimeter and a muon detector, both not used in the present analysis. A detailed description
of the beamline and detector can be found in Ref. [4, 5].

The NA48/2 experiment collected data in 2003–2004, during about 100 days of efficient data
taking in total. A two-level trigger chain was employed to collect K± decays with at least three
charged tracks in the final state [5]. At the first level (L1), a coincidence of hits in the two planes
of the HOD was required to occur in at least two of 16 non-overlapping regions. The second
level (L2) performed online reconstruction of trajectories and momenta of charged particles
based on the DCH information. The L2 logic was based on the multiplicities and kinematics of
reconstructed tracks and two-track vertices.

A GEANT3-based [6] Monte Carlo (MC) simulation including full beamline, detector geom-
etry and material description, magnetic fields, local inefficiencies, misalignment and their time
variations throughout the running period is used to evaluate the detector response.

2 Simulation of the π0

D
background

Simulations of the K2π, Kµ3 and K3π decays followed by the π0
D decay (denoted K2πD, Kµ3D

and K3πD) are performed to evaluate the integrated kaon flux and to estimate the irreducible
π0
D background to the DP signal. The K2π and Kµ3 decays are simulated including final-state

radiation [7]. The π0
D decay is simulated using the lowest-order differential decay rate [8]
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q DP mass scan in region 9 MeV/c2 - 120 MeV/c2 

u Mass window: ±1.5×σm  
u Mass step: 0.5×σm  
u  Variable σm = 0.067+0.0105×mee 
u  404 mass hypothesis in total  
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q DP mass scan in region 9 MeV/c2 - 120 MeV/c2 

u Mass window: ±1.5×σm  
u Mass step: 0.5×σm  
u  Variable σm = 0.067+0.0105×mee 
u  404 mass hypothesis in total  

q No >3σ local significant 
excess, UL(NDP), of  Nobs 
over Nexp 

u No dark photon signal 
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q Upper limit on BR(π0 −>γA’) at 90% CL 

Assuming	BR(A’−>e+e−)	=	1	
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q Final result: exclusion limits onεand mA’  

BR(π0−>γA’)	≅	2ε2	(1	−	mA’
2
	/mπ0

2)3	

q Improved limits in region 
9 MeV/c2 < mA’ < 70 
MeV/c2  

 
q g-2 preferred region 

completely ruled out 
u  Under the assumption 

that A’ couples only with 
SM fermions 

The	NA48/2	CollaboraXon,	Phys.	Le-.	B	746	(2015)	178	
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q Search for resonances 
à can be interpreted 
as decays of  dark 
photon, X  
u  K± −>π±X, where       

X−>μ+μ−   
u  Coupling only with the 

SM fermions 
u  210 MeV/c2 < mX < 

350 MeV/c2  

q No significant excess 
above the expected 
background events 
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q Upper limit on BR(K± −>π±X)BR(X−>μ+μ−) at 90% CL 
u  As a function of  mX and resonance lifetime 

q Different lifetimes of  DP 
assumed 

The	NA48/2	CollaboraXon,	Phys.	Le-.	B	769	(2017)	67-76	

BR(K−>πA’)	≈		
8×10-5	ε2	(mA’/100	MeV/c2	)2	

q Best limits at τA’ < 10−11 s  
(black curve): ε2 >10−5  
u  Assumed BR(X−>μ+μ−) ~0.5 
u Not competitive to existing 

limits 
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NA48/2 K±→p±µ±µ�and A’ bounds

Mauro Raggi, Sapienza Universita' di Roma 22

!"!! !"!" !"!# !!"!##

!"!#$

!"!%

!"!&

!"!'

!"!(

!"!)

!"!*

!!+ !#$%"

�"
!"#$
%&'(

!"
!"#$%&

'()

#*+*

#((+

!�! "�

!�!!#� !"#$%&'

!!

,-,-.

/01#
/01#"23#4

1.5-6

$2+7!8

Visible decay searches

¤ Bound in the A’ parameter space 
not competitive with Babar in the 
kinetic mixing scenario
u Universal lepton coupling

¤ What about if we modify couplings 
to leptons (Lµ-Lt)?
u Muon dominated coupling factor 2 

more stringent limit ~5E-6

"#(%&) = "#(BR(K±→p±X)BR(X→µ±µ�))
BR(K±→p±X)BR(X→µ±µ�)

)* X→µ±µ� = +(µ±µ�)
+ µ±µ� ,+(e±e�) ~ 0.5

From	UL	on	BR(K±	−>π±X)	
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M. Mirra Hidden sector searches at NA6225/05/2017 25

Search for 𝑨′ → 𝝁𝝁: test on 2016 data

Statistics corresponds to ~1015 PoT

Track quality + acceptance cuts: forward detectors, CHOD, LKr, MUV3 associated to CHOD, 
LKr hits in time

Vertex quality: two-track distance < 1 cm

Vertex position: 105 < Z < 165 m

Test if total momentum 𝑷𝒕𝒐𝒕 = 𝑷𝝁 + 𝑷𝝁
stems from target

All two tracks vertices

Impact parameter of 𝑷𝒕𝒐𝒕 to  beam
line [cm]

Z of closest approach of 𝑷𝒕𝒐𝒕 to beam line [m]

Signal
region

Background from 𝑲, 𝝅 decays 
concentrated around beam after final 
collimator

𝑷𝒕𝒐𝒕
𝑷𝝁

𝑷𝝁
NA62 

Preliminary

0 40 80 120 160 200 240

q Run in proton beam 
dump mode 
u No electromagnetic 

and hadronic 
background 

q Long lived A’−>μ+μ− 
decays in detector 
fiducial volume 
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Search for 𝑨′ → 𝝁𝝁: test on 2016 data

Statistics corresponds to ~1015 PoT

Track quality + acceptance cuts: forward detectors, CHOD, LKr, MUV3 associated to CHOD, 
LKr hits in time

Vertex quality: two-track distance < 1 cm

Vertex position: 105 < Z < 165 m

Test if total momentum 𝑷𝒕𝒐𝒕 = 𝑷𝝁 + 𝑷𝝁
stems from target

All two tracks vertices

Impact parameter of 𝑷𝒕𝒐𝒕 to  beam
line [cm]

Z of closest approach of 𝑷𝒕𝒐𝒕 to beam line [m]

Signal
region

Background from 𝑲, 𝝅 decays 
concentrated around beam after final 
collimator

𝑷𝒕𝒐𝒕
𝑷𝝁

𝑷𝝁
NA62 

Preliminary
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Search for 𝑨′ → 𝝁𝝁: test on 2016 data

Statistics corresponds to ~1015 PoT

Track quality + acceptance cuts: forward detectors, CHOD, LKr, MUV3 associated to CHOD, 
LKr hits in time

Vertex quality: two-track distance < 1 cm

Vertex position: 105 < Z < 165 m

Test if total momentum stems from target

Further event-level veto conditions:
Additional energy in the LKr < 2 GeV
Veto on forward / large angle calorimeters
Veto on charged anti counter

No events selected in the signal region
(even with standard 𝑲+ beam)

All vetoes + 10 < ρ (vertex) < 50 cm

Impact parameter of 𝑷𝒕𝒐𝒕 to  beam
line [cm]

Z of closest approach of Ptot to beam line [m]

Signal
region

NA62 
Preliminary
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q Run in proton beam 
dump mode 
u No electromagnetic 

and hadronic 
background 

q Long lived A’−>μ+μ− 
decays in detector 
fiducial volume 

q Search for di-muon 
parent particle 
originated at target 
u Work in progress  
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q Large sample of  K+ −>π+π0 
u NA62 main trigger: single track, no photons  
u  Search for decay chain: π0 −>γA’ and A’−>χχ	(invisible) 
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Minimum bias
data: 2 γ on 

LKr, simulate 
1g loss

MC:
- mA’ = 30 MeV
- mA’ = 60 MeV
- mA’ = 90 MeV

Mmiss
2 (GeV2)

NA62 2016 data: dark photon from 𝝅𝟎 decay 

Decay chain: 𝑲+ → 𝝅+𝝅𝟎, 𝝅𝟎 → 𝑨′𝜸, 𝑨′ → 𝒊𝒏𝒗𝒊𝒔𝒊𝒃𝒍𝒆

¾ Signature:
• 1 photon + missing energy

¾ Selection:
• 𝜋+ as in 𝐾+ → 𝜋+𝜈  𝜈
• 15<𝑝𝜋+<35 GeV/c
• 1 𝛾 in LKr
• Missing momentum in LKr
• Extra 𝛾 veto

¾ Background:
• Negative tail of 𝑀𝑚𝑖𝑠𝑠

2

¾ Normalization:
• 𝐾+ → 𝜋+𝜋0 from minimum bias

𝑴𝒎𝒊𝒔𝒔
𝟐 = 𝑷𝑲 − 𝑷𝝅 − 𝑷𝜸

𝟐

NA62 
Preliminary

q Large sample of  K+ −>π+π0 
u NA62 main trigger: single track, no photons  
u  Search for decay chain: π0 −>γA’ and A’−>χχ	(invisible) 

q Signal event topology 
u  Single π+	track 
u  Single photon 
u Missing energy and 

momentum 
o  Mmiss

2 (mA’) 

q Excellent energy and 
momentum resolution 
of  NA62 detector 
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Sensitivity: preliminary estimate

Mauro Raggi, Sapienza Universita' di Roma 18

¤ Data-driven BG estimate (peak resolution mostly left-right-symmetric)

¤ Limited amount of statistics used 1.5x1010 K+ (6.5% of 2016 sample).

¤ Promising preliminary limit at 90% CL on invisible A’ decay

q Improved limits at 90% CL  (preliminary) 
u  DP mass range: ~ 50 MeV/c2 < mA’ < 90 MeV/c2 
u  Data used: 1.5×1010 K+ decays (6.5% of  2016 sample)  



Summary 

Gia	Khoriauli		-		Dark	Photon	Search	with	NA48/2	&	NA62		-		Flavour	and	Dark	MaAer		-		27.09.2017	

q Extra U(1) gauge symmetry and its gauge boson with non-
zero mass: dark photon (DP) 
u  Kinetic mixing with the SM photon 
u  Coupling with SM fermions (visible) or/and possible new particles 

(invisible), mediator with dark sector  

q NA48/2 and NA62: factories of  large samples of  charged 
Kaon decays for competitive DP searches  
 

q NA48/2 analysis of  DP decay into e+e− pair: improved 
limits finally ruled out g-2 preferred parameter region   
u  Assumption: dark photon couples only with the visible matter 

q NA62 on-going searches for DP in K+ beam/dump mode 
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