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Atomki search	for	internal	pair	creation	(e+	e- production)	in	
excited	states	of	8Be	sees	a	bump

Bump	consistent	with	emission	of	new	light	boson	around	17	MeV

Feng et	al,	2016

m = 16.7± 0.35(stat)± 0.5(syst)MeV
�(8Be⇤ !8 BeX)

�(8Be⇤ !8 Be�)
BR(X ! e+e�) ' 5.8⇥ 10�6,

~18.15	MeV	JP=1+ state

Krasznahorkay et	al,	2015
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Possible	interpretations:

Future	experiments	required	to	independently	confirm	results.	
Proposals	being	finalized	(see	also	U.S.	Cosmic	Visions	dark	matter	whitepaper,	1707.04591)

This	talk:	what	else	can	these	future	experiments	do?

-Can’t	be	a	dark	photon	(ruled	out	by	NA48/2)	(Feng	et	al,	2016:	PRL	+	PRD)

-New	protophobic vector?	E.g.	coupling	to	B or	B-L	(Feng	et	al,	2016)

-New	axial	vector?	Requires	smaller	couplings	than	the	vector	case,	no	protophobic
requitement (JK,	Morrissey,	and	Stroberg,	2016)

-New	pseudoscalar?	Studied	in	Ellwanger +	Moretti,	2016
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New	experiments	could	be	sensitive	to	currently	unexplored
regions	of	the	dark	photon	parameter	space

1608.08632

Nuclear	Decays?
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Massive	dark	photon	couples	to	SM	via	kinetic	mixing	with	
hypercharge

Consider	dark	photon	production	through	the	process:	

Use	existing	EFT	results	(Zhang+Miller,	2017)	to	compute
matrix	element	(couplings	normalized	to	data	for	electromagnetic	decays)

2

olution, which broadens the me+e� peak significantly [?
]. They find that the observed excess’s shape and size
are beautifully fit by a new boson with mass mX =
16.7± 0.35 (stat)± 0.5 (sys) MeV and relative branching
ratio B(8Be⇤ ! 8BeX)/B(8Be⇤ ! 8Be �) = 5.8⇥ 10�6,
assuming B(X ! e+e�) = 1. With these values, the fit
had a �2/dof = 1.07.

Protophobic Gauge Bosons. A priori the X boson
may be a scalar, pseudoscalar, vector, axial vector, or
even a spin-2 particle. Some of these cases are easy to
dismiss. If parity is conserved, the X boson cannot be
a scalar: in a 1+ ! 0+0+ transition, angular momen-
tum conservation requires the final state to have L = 1,
but parity conservation requires +1 = (�1)L. Decays to
a pseudoscalar 0� state are not forbidden by any sym-
metry, but are severely constrained by experiment. For
such axion-like particles a, the two-photon interaction
ga��aFµ⌫ F̃µ⌫ is almost certainly present at some level,
but for ma ⇡ 17 MeV, all coupling values in the range
1/(1018 GeV) < ga�� < 1/(10 GeV) are excluded [? ? ].

Here we focus on the vector case. We consider a mas-
sive spin-1 Abelian gauge boson X that couples non-
chirally to standard model (SM) fermions with charges
"f in units of e. The new Lagrangian terms are

L = �1

4
Xµ⌫X

µ⌫ +
1

2
m2

XXµX
µ �XµJµ, (1)

where X has field strength Xµ⌫ and couples to the cur-
rent Jµ =

P
f e"f f̄�µf , or, at the nucleon level, JN

µ =
e"pp̄�µp+e"nn̄�µn, with "p = 2"u+"d and "n = "u+2"d.

We first determine what values of the charges are re-
quired to fit the 8Be signal. The characteristic energy
scale of the decay 8Be⇤ ! 8BeX is 10 MeV, and so we
may consider an e↵ective theory in which 8Be⇤, 8Be, and
X are the fundamental degrees of freedom. The one e↵ec-
tive operator consistent with the JP quantum numbers
of these states is

L
int

=
1

⇤
✏µ⌫↵�

�
@µ

8Be⇤⌫ � @⌫
8Be⇤µ

�
X↵�

8Be . (2)

The matrix element h8BeX|L
int

|8Be⇤i is proportional
to h8Be|JN

µ |8Be⇤i = (e/2)("p + "n)M, where M =
h8Be|(p̄�µp + n̄�µn)|8Be⇤i contains the isoscalar compo-
nent of the current, since the initial and final states are
both isoscalars. The resulting decay width is

�(8Be⇤ ! 8BeX) =
(e/2)2("p + "n)2

3⇡⇤2

|M|2|~pX |3 . (3)

To fit the signal, we need

B(8Be⇤ ! 8BeX)

B(8Be⇤ ! 8Be �)
= ("p+ "n)

2

|~pX |3

|~p� |3
⇡ 5.8⇥ 10�6, (4)

where, up to higher-order corrections [? ], both the nu-
clear matrix elements and the scale ⇤ have canceled in the

ratio. For mX = 17 MeV, we require |"p + "n| ⇡ 0.011,
or

|"u + "d| ⇡ 3.7⇥ 10�3 . (5)

The 17 MeV X boson is produced through hadronic
couplings, but can decay only to e+e�, ⌫⌫̄, or ���. (We
assume there are no decays to unknown particles.) The
three-photon decay is negligible, and we will assume that
decays to neutrinos are also highly suppressed, for the
reasons given below. The X boson then decays through
its electron coupling with width [? ]

�(X ! e+e�) = "2e↵
m2

X + 2m2

e

3mX

q
1� 4m2

e/m
2

X . (6)

The X boson is produced with velocity v ⇡ 0.35c in
the 8Be⇤ frame, which is moving non-relativistically with
v = 0.017c relative to the lab frame. The X mean decay
length is L ⇡ "�2

e 1.8⇥ 10�12 m in the lab frame. The X
boson must decay promptly in the experimental setup of
Refs. [? ? ] so that the e+e� decay products are detected
and the ⇥ measurements are not distorted. Requiring
L . 1 cm, for example, implies

|"e| & 1.3⇥ 10�5 . (7)

From Eq. (??), we see that a dark photon cannot ex-
plain the 8Be anomaly. For a dark photon, fermions
have charges proportional to their SM charges, "f = qf",
where " is the kinetic mixing parameter, and so Eq. (??)
implies " ⇡ 0.011. This is excluded by many experi-
ments, and most stringently by the NA48/2 experiment,
which requires " < "

max

= 8⇥ 10�4 at 90% CL [? ]. The
authors of Ref. [? ] estimated that "2 ⇠ 10�7 can fit the
signal, but this value of " is far too small, in part because
of the |~p|3 suppression of the signal.
The NA48/2 bound, however, does not exclude a gen-

eral vector boson interpretation of the 8Be anomaly. The
NA48/2 limit is a bound on ⇡0 ! X�. In the general
gauge boson case, this is proportional to the anomaly
trace factor N⇡ ⌘ ("uqu � "dqd)2. Applying the dark
photon bound N⇡ < "2

max

/9, we find that, for a general
gauge boson,

|2"u + "d| < "
max

= 8⇥ 10�4 . (8)

Equations (??) and (??) may be satisfied with a mild
⇠ 10% cancelation, provided the charges satisfy

� 2.3 <
"d
"u

< �1.8 , �0.067 <
"p
"n

< 0.078 . (9)

Given the latter condition, we call the general class of
vector models that can both explain the 8Be anomaly
and satisfy pion decay constraints “protophobic.”
Constraints from Other Experiments. Although there

is no need for the gauge boson to decouple from protons
completely, for simplicity, for the rest of this work, we

Jµ = ✏JEM
µ

,	 (After	diagonalizing kinetic	terms)

experiment can probe currently unexplored regions of the dark photon parameter space.

2 Dark Photons in 8Be Transitions

We consider the production and subsequent decays of excited states of 8Be (see Ref. [18] for
the detailed properties of this system). The states of interest, denoted 8Be⇤0 and 8Be⇤, lie at
17.64, 18.15 MeV above the ground state (denoted by 8Be). Both have JP quantum numbers
1+, while the ground state is 0+. These resonances are admixtures of isospin eigenstates,
8Be⇤ being predominantly isoscalar and 8Be⇤0 mostly isovector. The lower-lying 8Be⇤0 state
is significantly narrower, with � ' 10.7 keV, while the 8Be⇤ width is � ' 138 keV. When
produced, 8Be⇤0 and 8Be⇤ primarily decay back to 7Li+p, but can also decay radiatively
through a photon to the 8Be ground state, with [18]

BR(8Be
⇤0 ! 8Be + �) ⇡ 1.4⇥ 10�3, BR(8Be

⇤ ! 8Be + �) ⇡ 1.4⇥ 10�5. (1)

Note the substantially larger branching ratio for electromagnetic 8Be⇤0 decay. More rarely,
8Be⇤0 and 8Be⇤ can de-excite to the ground state via “internal pair creation” (IPC) [19],
whereby an electron-positron pair is produced via an o↵-shell photon. The e+e� branching
ratios are predicted to be ⇠ 3 ⇥ 10�3BR(�) [19] for both 8Be⇤0 and 8Be⇤, where BR(�) is
the corresponding branching ratio in Eq. (1). Decays of these states to 8Be via real photon
emission are M1 transitions. Note that while we focus exclusively on 8Be⇤ and 8Be⇤0 in this
work, there are several other excited states and decay channels within ⇠ 20 MeV of the 8Be
ground state [18].

Both 8Be⇤ and 8Be⇤0 can be resonantly produced by bombarding a 7Li target with a
proton beam. The proton energies required for populating these excited states are Ep = 440
keV, 1.03 MeV for 8Be⇤0 and 8Be⇤, respectively. This is the method used by the MTA Atomki
experiments, which target the processes

p+ 7Li ! 8Be
⇤ ! e+ e� + 8Be

p+ 7Li ! 8Be
⇤0 ! e+ e� + 8Be.

(2)

These transitions can receive contributions from new hidden particles. For example, a dark
photon A0 with mass mA0 . 17 MeV could be produced on-shell from the decay of either
8Be⇤0 or 8Be⇤, and subsequently decay to e+e�. The Atomki experimental results in Ref. [8]
were interpreted as evidence for a contribution of this type in 8Be⇤ and, more recently [9, 10],
8Be⇤0 transitions (although this cannot be explained by a dark photon with kinetic mixing
alone due to existing constraints from other experiments [11, 20]). Internal pair creation via
an o↵-shell photon becomes an irreducible background for these searches.

Our goal is to investigate the extent to which future experiments can probe the canonical
dark photon parameter space. To model both the dark photon and standard IPC contri-
butions to the above processes, we make use of the e↵ective field theory description for the
8Be system recently formulated in Ref. [21]. This approach allows one to include angular
dependence and interference e↵ects in predictions for p+ 7Li ! 8Be + e+ e� production. In
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(18.15	MeV	transition)

(17.64	MeV	transition)

this method, the relevant couplings are determined from data for the strong decay widths
and rates for the pure electromagnetic transitions to on-shell photons in Eq. (1).

The production cross-section for p + 7Li ! 8Be + � (averaged over initial spin states)
can be computed from [22]

d�

d⌦
=

µ q

64 ⇡2 p

X

a,�,�

��✏⇤µMµ
��2 (3)

where p and q are the momenta of the incoming proton and outgoing photon, µ is the reduced
mass of the p�7 Li system, a and � are the 7Li and proton spin projections, � is the helicity
of the outgoing photon with photon polarization vector ✏⇤µ, and Mµ is the matrix element

Mµ ⌘ h 8Be | Jµ
EM | 7Li + p i, (4)

with Jµ
EM the electromagnetic current. The components of Mµ are computed in Ref. [21]

in the halo e↵ective field theory approach and incorporating Coulomb e↵ects in the initial
scattering state. All kinematic quantities above are in the p �7 Li center-of-mass (COM)
frame. The photon polarization vectors are most conveniently expressed in a helicity basis,
whereby the spatial components are labeled by quantum numbers j = �1, 0,+1 for the
projection of the total angular momentum along the quantization axis. In this basis, the
polarization vectors for a massless photon are

(✏⇤�)
t = 0, (✏⇤�)

0 = 0, (✏⇤�)
±1 = ��±1 (5)

where � = �1, 0,+1. In the conventions and notation of Ref. [21], the product ✏⇤µMµ for a
given set of spins and helicity � is

(✏⇤�)µMµ = (✏⇤�)
µMµ = (✏⇤�)

tJt � (✏⇤�)
jJj (6)

with j = �1, 0,+1 and the components Jt(= J t), Jj as in Eq. (3.1) of Ref. [21].

Utilizing the expressions above, we show results for the total total p + 7Li ! 8Be + �
cross-section for di↵erent beam energies Ep in Fig. 1. This treatment accounts for both the
resonant M1 contributions involving 8Be⇤0 and 8Be⇤, as well as the E1 and E2 contributions
from non-resonant proton capture. The 8Be⇤0 and 8Be⇤ resonances are clearly visible and the
results agree well with experimental data [21, 23].

The expressions above can be straightforwardly modified to account for the emission of
an on-shell massive dark photon. In this case, Eq. (3) can again be used, as can Eq. (6)
and the expressions for the components of the matrix element in Eq. (3.1) of Ref. [21], with
an overall rescaling by " ("2 in the cross-section). Now however, one must account for the
longitudinal polarization of the dark photon1. The corresponding polarization vectors are

(✏⇤�)
t =

q

mA
��0, (✏⇤�)

0 =
!

mA0
��0, (✏⇤�)

±1 = ��±1 (7)

1Note that, for a pure M1 transition in the center of mass frame, the contribution from longitudinal
emission vanishes by conservation of angular momentum and parity.

4

Production	cross-section:
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Comparing	photon	and	dark	photon	production	cross-sections
�
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Figure 1: Total cross-sections for p + 7Li ! 8Be + � (black) and p + 7Li ! 8Be + A0 for
mA0 = 5, 10, 15 MeV (dashed curves) as a function of the beam energy and the kinetic
mixing "2 factored out. The 8Be⇤0 and 8Be⇤ resonances are clearly visible.

where q is the dark photon momentum and ! its energy. Results for the total p + 7Li !
8Be +A0 cross-section are also shown in Fig. 1, with "2 factored out and for di↵erent masses.
The cross-sections for the massive vector are suppressed relative to the � transition strength
by "2 and by powers of |pA0/|p�|, as can be seen from the expressions of Ref. [21] (this
suppression for the M1 contribution is also discussed in Refs. [11, 20]).

We also require the cross-section for the IPC background, p+ 7Li ! 8Be + �⇤ ! 8Be +
e+ e�. The di↵erential cross-section for this process in the Standard Model can be written
as [21]

d�

dE+d cos ✓±d cos ✓d�
=

µ↵EM p+ p�
128⇡3p

X

spins

|M|2 , (8)

where the ± subscripts refer to the positron/electron, ✓± is the e+e� opening angle, and � is
the angle between the electron-postron plane and the plane defined by the beam axis and the
(virtual) photon momentum (see Ref. [21] for a more detailed discussion of this setup). All
quantities are again understood to be defined in the p�7Li COM frame. The matrix element
appearing in Eq. (8) is specified by Eqs. (4.1)-(4.8) in Ref. [21]. The di↵erential cross-section
above can be re-expressed in terms of the invariant mass of the electron-positron pair,

M2
± = E2

+ + (! � E+)
2 � 2

q
(E2

+ �m2
e)
�
(! � E+)

2 �m2
e

�
cos ✓±. (9)

The di↵erential cross-section d�/dM±, marginalized over the angular ranges appropriate for
a given detector configuration, can be used to search for peaks from new particle decays to
e+e� pairs, as discussed below. The IPC prediction from Eq. (8) provides a good match to

5

17.64	MeV	peak	much	
narrower	à larger	rate

Kinematic	suppression	for	massive	vectors	close	to	threshold
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Use	EFT	results	from	Zhang	+	Miller,	2017 to	compute	irreducible	
background	(SM	e+e- production	through	off-shell	photon)	and	
compare	to	signal

d�
/d
M

±
d
co
s
✓
[n
b
/M

eV
]

M± [MeV]

mA0 = 16.7MeV, "2 = 1⇥ 10�4

�res = 1.5MeV

�res = 70 keV

Background

0

0.2

0.4

0.6

0.8

1

8 10 12 14 16 18

Figure 2: Invariant mass distributions for p + 7Li ! 8Be + e+ e�, including contributions
from both the standard IPC background (black dashed curve), and from a dark photon with
mA0 = 16.7 MeV, "2 = 1 ⇥ 10�4 with beam energy Ep = 1.03 MeV. This parameter space
point is roughly consistent with the Atomki signal [11], although it is excluded by existing
measurements in the pure kinetic mixing scenario. The yellow curve shows the prediction for
mass resolution �res = 1.5 MeV. The green curve corresponds to the prediction for �res = 70
keV. Improvements in mass resolution will have an important impact on the sensitivities of
future experiments.

To estimate the extent to which future 8Be experiments could probe light new particles,
we employ the following strategy: for a given mA0 , we consider a window in M± centered on
mA0 and with width 2�res on each side of the central value. We then compute the expected
number of signal (S) and background (B) events for a given luminosity in this window,
utilizing the machinery presented above. We consider a particular mass and kinetic mixing
to be observable if S/

p
B � 3. Of course this is a rather simplified analysis, but given the

large background it should provide a reasonable preliminary estimate of the reach, neglecting
the e↵ects of systematic uncertainties. Note that, in the Atomki analysis, an additional cut
on the parameter y ⌘ (E� � E+)/(E� + E+) was used to increase S/B. We do not impose
this requirement in our treatment, but it may result in even better discrimination between
signal and background.

In performing several searches across a large invariant mass range, significant statistical
fluctuations in the background that mimic a signal are bound to occur. In a realistic setting
one must account for this so-called “look elsewhere e↵ect” to assign global significance to an
observation. For example, if the total invariant mass range considered is [2me, 17.5 MeV] and

7

Resolution	expected	for	
follow-up	experiments	using	
HPGe detectors

Atomki resolution

Improved	
resolution	will	
allow	for	
significantly	
higher	reach	
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Follow-up	8Be	experiments	can	be	competitive	with	other	
upcoming	fixed	target	and	collider	experiments
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Figure 3: Projected sensitivities for di↵erent e↵ective integrated luminosities, Le↵ across
the dark photon parameter space for a 8Be nuclear transition experiment with Ep = 440
keV and mass resolution �res = 70 keV. Also shown are current exclusion limits (shaded)
and projections (dashed) of other experiments that are expected to have results by 2021
(adapted from Refs. [12, 25]). High-resolution nuclear transition experiments can begin to
cover unexplored regions of the parameter space with Le↵ & 2 pb�1. For reference, the MTA
Atomki 8Be⇤ experiment achieved ⇠ O(1 pb�1) [8].

a resonance search is done in 2�res = 140 keV non-overlapping (double-sided) windows, this
corresponds to testing ⇠ 60 hypotheses (more masses will likely be considered in a realistic
experiment). If we require ⇠ 95% C.L. globally to claim sensitivity, the look-elsewhere
correction would roughly correspond to requiring local p-values smaller than ⇠ 0.05/60.
This motivated our choice of requiring S/

p
B � 3 rather than � 2, which is more frequently

used.

The approximate expected sensitivity, as defined above, for an experiment with beam
energy Ep = 440 keV (populating the 8Be⇤0 resonance) and mass resolution �res = 70 keV is
shown in Fig. 3 for several di↵erent e↵ective integrated luminosities, Le↵ , defined by

Le↵ ⌘ ✏̃⇥
Z

Ldt. (10)

Here L the instantaneous luminosity and ✏̃ an approximate acceptance factor times detector
e�ciency (assumed to be flat across energies and angles). For reference, Le↵ for the Atomki

8

S/
p
B � 3

Advantages:

-Cheap,	and	can	be	done	
with	existing	equipment

-Sensitive	to	leptonic and	
hadronic	couplings

-Probes	nuclear	properties

-Definitive	scrutiny	of	
Atomki results

Atomki:	~1	pb-1	
for	~one	week	
of	running
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Follow-up	8Be	experiments	can:

• provide	a	probe	of	new	MeV-scale	physics	competitive	
with	existing	proposals

• be	sensitive	to	both	hadronic	and	leptonic couplings	of	
new	particles	(most	other	pre-2021	proposals	probe	only	leptonic couplings)

• likely	be	constructed	and	run	for	

Other	systems?	4He	could	extend	reach	up	to	20-30	MeV	masses

Proposal	coming	soon!

O($1M)
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A	New	Particle	in	8Be	Decays?
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Some	consistency	checks:

Clear	excess	seen	in	angular	distribution	
on	the	18.15	MeV	resonance,	but	
disappears	moving	off	of	it

Bump-like	feature,	difficult	to	explain	
with	interference	from	other	states

Recent	Atomki results	indicate	an	excess	
in	the	17.64	MeV	transition	as	well

Interpretation	put	forth	by	collaboration:	new	light	boson

m = 16.7± 0.35(stat)± 0.5(syst)MeV

�(8Be0 !8 BeX)

�(8Be0 !8 Be�)
Br(X ! e+e�) = 5.8⇥ 10�6

Krasznahorkay et	al,	2015
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Two	methods:

Both	methods	yield	similar	results

1.	Cut-and-count:	compute	
in	a	window	around	a	given	mass	value

Downside:	sensitive	to	overall	normalization	of	
background

2.	Background-agnostic	bump-hunt:	scan	over	
distribution	and	in	each	narrow	window	fit	line	
and	line+	Gaussian.	Then	construct	log-likelikhood

Advantage:	allows	for	mis-modeled	background;	
insensitive	to	overall	normalization	and	shape
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Figure 2: Invariant mass distributions for p + 7Li ! 8Be + e+ e�, including contributions
from both the standard IPC background (black dashed curve), and from a dark photon with
mA0 = 16.7 MeV, "2 = 1 ⇥ 10�4 with beam energy Ep = 1.03 MeV. This parameter space
point is roughly consistent with the Atomki signal [11], although it is excluded by existing
measurements in the pure kinetic mixing scenario. The yellow curve shows the prediction for
mass resolution �res = 1.5 MeV. The green curve corresponds to the prediction for �res = 70
keV. Improvements in mass resolution will have an important impact on the sensitivities of
future experiments.

To estimate the extent to which future 8Be experiments could probe light new particles,
we employ the following strategy: for a given mA0 , we consider a window in M± centered on
mA0 and with width 2�res on each side of the central value. We then compute the expected
number of signal (S) and background (B) events for a given luminosity in this window,
utilizing the machinery presented above. We consider a particular mass and kinetic mixing
to be observable if S/

p
B � 3. Of course this is a rather simplified analysis, but given the

large background it should provide a reasonable preliminary estimate of the reach, neglecting
the e↵ects of systematic uncertainties. Note that, in the Atomki analysis, an additional cut
on the parameter y ⌘ (E� � E+)/(E� + E+) was used to increase S/B. We do not impose
this requirement in our treatment, but it may result in even better discrimination between
signal and background.

In performing several searches across a large invariant mass range, significant statistical
fluctuations in the background that mimic a signal are bound to occur. In a realistic setting
one must account for this so-called “look elsewhere e↵ect” to assign global significance to an
observation. For example, if the total invariant mass range considered is [2me, 17.5 MeV] and
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