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Motivation: The ATOMKI Measurement of Internal Pair
Conversion in Beryllium-8 Decays

® Overview of Beryllium-8

® Experimental Setup & Results
Parameters of an Explanation
Discussion of UV Models
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Be-8 As a New Physics Lab

Beryllium-8 is composed of four FExcited state

protons and four neutrons.

Its ground state decays into two alpha (( @

particles.
Resonant
It is a somewhat unusual nucleus: Production &,
® [t has large excitations (~20 MeV) ’VVVVV\L
with long lifetimes.

Discrete
Transitions

® Relatively Easy to make in the lab
from p + “Li.

Transitions from excited to ground
states probe MeV-scale weakly coupled
physics, such as an axion.

Treiman & Wilczek, Phys. Lett. B74 ('78); G ro u n d State

Donnelly et al., Phys. Rev. D18 (’78)




Be-8 Levels

EMeV] TlKeV] T EMeV] TIKeV]
0" 10.24 227

1" 19.07 271

0" 18.15 138

16.92
Be T 0 1663

to ground state

ground state

" _ states of mixed isospin

The Be-8 ground state is a 0* iso-singlet.

There are a variety of excited states with different spins and iso-spins.

For today, interested in the |* 17.64 Be* and 18.15 Be"states. There is some
evidence that these states are actually admixtures of iso-triplet and iso-singlet.

Pastore et al, PRC90 (2014) [1406.2343]




Be* Decays

® Be* decays are dominantly a hadronic
transition into ‘Li + p.

® There are also rare M| electromagnetic
transitions into a gamma ray and the ®Be
ground state.

® Even rarer still is through an off-shell
photon (still MI), leading to a final state
of ete- + the ®Be ground state.

® This process is often referred to as
““internal pair conversion” (IPC).




Internal Pair Conversion

Internal pair conversion is
observed for a variety of nuclear
transitions.

It is generally well-described
analogously to atomic transitions.

® They can be classified as E or
M and the angular momentum
1=0,1,2,...

The photon propagator leads to
an invariant mass of the ete-
which falls with rising mee.

All of those are monotonically
falling and pretty smooth.
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The ATOMKI Experiment



ATOMKI Experiment

18.15 MeV "Be”
I§8 keV width ((@ X & e’

.03 MeV
~10 keV spread

O
pm TL

ATOMKI PAIR
SPECTROMETER

SBe

The ATOMKI experiment produces a beam of protons with well-calibrated energy which
strike a thin lithium foil, producing excited states of ®Be. Particular excited states can be
selected by adjusting the energy of the protons in the beam.

Detectors measure the et+e- opening angle and their energies.



ATOMKI Experiment
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Observation of Anomalous Internal Pair
Creation in 8Be: A Possible Signature of a

Light, Neutral Boson
A.). Krasznahorkay, et al. PRL 1 16,042501 (2016)
arXiv:1504.01527

A pair spectrometer for measuring
multipolarities of energetic nuclear transitions
J. Gulyas, et al. NIM-A 808, 21 (2016);
arXiv:nucl-ex/03 11002




Energy Scan

The ATOMKI experiment
observes a bump-like structure
in opening angles around 140
degrees when they scan through
the Be* resonance. Lipe'e)Be

Off-resonance runs, both above
and below the Be* state seem

to match the naive expectations : ~~ Proton

. . 10| Ener
of an M| IPC transition. - &7
E;ZLZOBAQV

In particular, the 17.64 MeV Be®
state does not see the same
enhancement.

E,=1.10MeV
<= E=104MeV

o . E,= 0.80 MeV
The (local) statistical significance

. 100 120 140 160
of the bump structure is ~ 6.80 o (deg)

above background.

(Curves are artificially scaled for readability)




Event Selection

® A resonant structure in the opening angle is
suggestive of a peak in the ete- invariant mass.

® Maybe Be™ can decay into a new state of
some kind (which itself decays into e+e-)
and the ground state!

® Given the intriguing result, the ATOMKI
analysis examines some of the characteristics
of the resonance-like signal, based on
measurements of the e+ and e- energies.

ATOMKI PAIR
SPECTROMETER

® The invariant mass of the ete- defines the The Be* is produced
mass of the hypothetical new state. It should
be produced with a definite boost, and so the
opening angle should correlate with that mass
appropriately.

with v ~ 0.02, very
close to at rest.

® Opening angle is correlated, but distinct
from the invariant mass.



Event Selection 2

AU Y . , 2 - 2 ¢ . 2
® They also define the “"symetric-ness” [l e AV

22
of the e+e- pair’ Y. = (1 — y?)Esin? g + 2m? (1 + 1 J_er cos 9) + O(m?)

® A two body decay of Be* into the
ground state and a new particle
should have roughly equal
energies for the e+ and the e-.

® They divide their data into events

withy < 0.5 and y > 0.5.
"~ Symmetric”; y <0.5
® To avoid the possibility of decay into “Asymmetric”:  y > 0.5

a lower level excited state (rather
than directly to the ground state),

they apply a cut on the sum of the E=E, +FE.,- >18 MeV
e+ and e- energies.



Event Selection 2

Fixed E, = .10 MeV

m=15.6 MeV
m=16.6 MeV
m=17.6 MeV

A.. Krasznahorkay, et al.
PRLI16,042501 (2016)

Counts, Nee [per 0.5 MeV]

\
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® Note that in the bump region ~14 - I8 MeV, the signal is a pretty large fraction of the total
number of events (though it is a small fraction of the total integrated over all mee).




Detector Resolution

® ATOMKI detector geometry
does have some impact on the
acceptance in terms of the
opening angle between the e+
and e-.

® However, based on simulations
(blue histogram), and confirmed
by calibration data (red dots),
they do not expect a sharp
feature at ~140 degrees.
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® (Though there is some structure
in the response, but at a much
smaller level). (RSN
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Detector Resolution

"Li(p,e'e)°Be

® Both at similar (for an ''B E,=441 KeV

target) and below (for the
’Li target) proton energies,
the reconstructed angular
distribution agrees well with
the expectations from
simulation of either an El or
an M| transition.
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E =1.6 MeV
El
They also consider a variety
of other targets, including O,
Si, etc, and find no hint of a
signal from any of them.




Detector Resolution 2

ATOMKI simulated the expected
reconstructed peak shapes for a
narrow particle decaying into
ete-.

They consider both a low mass
(6 MeV) and high mass (18 MeV)
example.

I8 MeV response
curve multiplied by
|0 for better
visibility.
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At high masses, there is a fairly
long tail down to lower energies.

The response on the high end is 10 12 12 716 18 20
pretty narrow, with a ~MeV E.. (MeV)
energy resolution.




Sanity Checks

The excess is a bump on top of what is expected to be a smooth
monotonically decreasing background.

® |t’'s nota last bin’ effect.

The opening angle and invariant mass are consistent with a two body decay
from Be* to a state with rest energy around 16.5 MeV and the ground state.

The e+ and e- have symmetric energies, consistent with a sequence of two-
body decays:

® Be*—» X(16.5 MeV) + Be (ground state)
® X—» ete-

The bump disappears for off-shell proton energies, perhaps arguing against
some kind of nuclear interference effect.

There are a handful of known nuclear transitions at such large energies, and
none we have found have been well-studied.



So What'’s Going On!?

® Obviously, one should be cautious. In the very least we would like to
see these results repeated, preferably by a different group.

® |[ogically, we should consider the possibilities of:
® Experimental Error/Miscalibration/Etc;

® Nothing is obviously wrong with the experiment: the angles and
energies all seem self-consistent and pass the sanity checks.

® Up until now unknown Nuclear Physics Effects;

® Nuclear physicists so far haven’t come up with an obvious
explanation for a bump (but they continue to work on it!)

® Physics Beyond the Standard Model,

® My attitude here: Let’s see what kind of new physics can explain it and
see what other constraints/opportunities there are to learn more.



BSM Interpretation

® A BSM interpretation requires a new particle, X.

® The ATOMKI group fits a hypothesis consisting of the expected M| |IPC
background, and also allows for a fit contribution of El pollution:

mx = 16.7 +0.35 (stat) £ 0.5 (sys) MeV The fit prefers a 23%
El contribution.

I'(®Be* — ®Be X)

['(8Be* — 8Be~v)

Br(X —efe”) =58x107°

For these parameters, the
goodness of fit is X2/ dof = 1.07.

® A few things are clear:
® |t must be a boson coupled to leptons in order to decay into ete-

® |t must couple to quarks and/or gluons so that it can appear in beryllium
transitions.

® |t has a short life-time such that it decays within about | cm so that its
decay is prompt compared to the detector geometry.



New Physics Explanations



Effective Field Theory

® We can capture the essential
features of the decay in terms of

arXiv:1604.07411 and arXiv:1609.0741 |

a low energy effective field A T Be G, FY)etre
theory. gV
5 0,5)(0,Be)G €M
A2
® The deBroglie wavelength of the AR n?
emitted particle is A ~ 1/(6 L4 = gA I4 Be GWF(A) + —2-Be A, Be*
MeV), whereas the size of the Aa gahy

nucleus is r ~ /(100 MeV). Lp = gpBe (9,a) Be™ .

® We can treat the nucleus as G, = 0,Be}, — 0,B¢},
point-like, expanding in
r/A~1/20. The leading operators are dimension-
four (pseudo-scalar), -five (vector and

® We assume parity conservation . .
axial-vector), and -six (scalar).

to avoid getting bogged down
with strong APV constraints, but
this assumption can be relaxed.

The scalar operator vanishes upon
applying the equation of motion.




Effective Field Theory

® We can capture the essential
features of the deca
a low energy effecf
theory.

LarXiv:I604.074I | and arXiv:1609.0741 |
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® The deBroglie wav
emitted particle is
MeV), whereas the
nucleus is r ~ 1/(|
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to avoid getting bogged down
with strong APV constraints, but
this assumption can be relaxed.

The scalar operator vanishes upon
applying the equation of motion.




O Scalar Particle

NAIVELY [SOVIOLATING

We expect our finding for the
. NAIVELY ISOCONSERVING
scalar operator is more general.

J» T EMeV]l TIKeV]

ANGULAR MOMENTUM 37 0" 1924 227

g — 1 3 17 10.07 271

PARITY Be’ ‘ 1" lo 18.15 138

P = (—)*Pge Px

’Li+p dissociation threshold

2* 1" 16.92 74.0

The decay is forbidden

z:o 16.63 108
I |f pal’lty 1S COﬂSGFV@d . to ground state ff O+ " - states of mixed isospin



Axion-like Particle

The EFT dictates that a pseudo scalar Lp = gp Be (9,a) Be**
particle can couple Be* to the ground
state.

We initially discarded this possibility
because of strong ALP constraints on
this mass range.

However, these bounds are relaxed ) Cosmo . SLAC 137

+e-
because of the prompt decay to e+te-. R

Ellwanger and Moretti followed this up
in 1609.01669.

® They use a nuclear shell model to
estimate transition matrix elements.

® They conclude that it works provided
O(10%) cancellations in some FCNCs.




Spin One

. Ly = T=BeG, FiY) e
® For a vector particle, the EFT v
— ARG EW 4

corresponds to a dimension-5 operator ~ A4
(two operators for axial-vectors).

2
Ma

Al Be A,, Be™

® [or a massless vector, this EFT also ~ Family Non-Universal Couplings, cf, = 10"/
describes EM transitions, and the
dimension 5 nature of the operator
reflects the fact that this is an M|
transition. _ 250 Alioed

Beam

® For axial-vector couplings, the nuclear Dumps
matrix elements do not exist in the

literature. | kozaczuk, Morrissey, Stroberg in progress
(Talk by Kozaczuk on the LHC Forum site)

® There is a group at TRIUMF currently n
working to estimate them. mar [MeV]

. . . Kahn, Krnjaic, Mishra-Sharma, TMPT
® There is a wider menu of constraints arXiv:1609.09072

and UV worries such as anomalies.




Dark Photon

® For a dark photon, the nuclear
physics is identical to the usual EM
transition, and cancels out of the
ratio of partial widths.

Br(®Be* — X) o |Px |

— ~ &£ =
Br(®Be” = 7) 5[

® The ATOMKI group initially claimed
that their signal was consistent with
a dark photon interpretation.

® |t turns out there was an error in
their extraction of €.

® The corrected point at €~ 0.1 is 102 v
ruled out by NA48/2’s search for m, (MeVic?)

0 —yX.

NA46/2 1504.00607




Proto-phobic Vectors

® We choose to focus from here on at vector (rather than axial vector) interactions,
so that the matrix elements will be under control.

o We'd like to engineer away the bounds from NA48/2 without turning off couplings
to first generation quarks altogether, which drives us to ~proto-phobic” couplings:

Goldstone

Of SU@L*5TTn
8l Y

FROM QUARK CONTENT STEINBERGER CALCULATION
/ /

Quiy — Qalg =0

Qu = —2Q,

® Note that axial vectors will naturally evade NA48/2, since their couplings to T do
not go through the anomaly, and are thus suppressed by the small quark masses.



Iso-Spin Violation

® To identify the target region for
generalized up and down quark
charges, we need to address the
evidence for iso-spin mixing in the
Be™ and Be™ states.

Pastore, et al. Phys. Rev. C 90 [1406.2343];
Phys. Rev. C 88 [1308.5670]

® Pastore et al infer that these states
are mixed by looking at their
hadronic decays, which find that the
physical states {a,b} are related to
eigenstates of iso-spin by:

U = a1 Wpr—g+ B1 V=1
U0 = Wy — a1 ¥r—;

® with mixing parameters:

ap ~0.21(3) B~ 0.98(1)

ISOVIOLATING

ISOCONSERVING

J;F T EMeV]l TIKeV]
37 0 1024 227

1" 19.07 271

18.15 138

I EEE

16.63

to ground state " _ states of mixed isospin




Matrix Elements

® These mixing angles are used together with computations of the pure iso-spin states
for vector current transitions.

ISOSINGLET TRANSITION ISOVECTOR TRANSITION
Mll,T:() = 0014(1) N Mll,Tzl = 0767(9) LN

PHYSICAL
STATES

M1 \If‘f> = oMy 7—o+ H1 M1y 71 + cncM -y

M1 = 5iM 1y p—0 — a1 M1y 7= + S M1y = .

ISOSPIN
VIOLATION

— 0.98(1 xk = 0.549
1=

NEW IN
1608.03591

[Ckl — 021 3

ISOSPIN MIXING ANGLES

o However, they find that even with iso-spin mixing taken into account, the EM

transitions are still not well described. We introduce K ~ 0.5 to parameterize iso-
spin mixing in the underlying vector current matrix elements themselves.




_ ((ep + €n)BiM 1y 70 + () — €n)(—ar M1y p—1 + B1eM 1y 7—1)|? |kx|?

|BiM 1y g — o M1y oy + FieM 1y poq|? k|3

arXiv:1609.0741 |

NA48/2

To explain the ATOMKI
results, one would like a
coupling € to neutrons
of order 102 and one to
protons < about 10-3.




Isospin Breaking Matters!

arXiv:1609.0741 |

0T X Uz

a = 0.21 kK = 0.549

=10

PROTOPHOBIC ?
s
PROTOPHOBIC s
\‘

The trends look totally different if one neglects the isospin mixing between the
states. However, in the photophobic region, the effects are typically of order
0% or so.



Mass Dependence

arXiv:1609.0741 |
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The MI dependence ~ p3 results in a substantial mass dependence,

since the new boson is produced non-relativistically.




Why nothing from Be™ ?

The large isospin mixing between the
|7.64 and 18.15 MeV states argues ISOVIOLATING
that it is difficult to use iso-spin
structure to explain why no signal is _ ISOCONSERVING
seen in the Be™ state.

JF T EMeV] TKeV]

Of course, this possibility was also .
37 0" 1024 227

closed because protophobic couplings
implies an equal admixture of
isosinglet and isotriplet currents.

37 1" 10.07 271

I
" W1 o 1815 138

Thus, the best prospect to explain
why the new boson is produced in
Be* but not Be* decays is the fact
that the phase space is close to
saturated.

’Li+p dissociation threshold

16.92
Things get a lot more comfortable if 0" 16.63

ohe assumes the mass is more like to ground state " _ states of mixed isospin

mX ~ |7 MeV, comfortably within | T
of the experimental fit to the mass.




Electron Couplings

® The electron couplings are bounded from below
by the need to decay promptly before the

_
ATOMKI detectors, ~| cm from the target. ‘\ \
: \/ ’/

® This requirement places the mild constraint that

the electron couplings be: A—
. I
L

® |t doesn’t particularly care whether these
couplings are vector or axial, but we prefer
vector couplings to avoid running into APV and
other parity-odd observable constraints.




Lepton Couplings

GRAY REGIONS RULED OU KLOE-2:
ete- -+ YX

(9 — 2), favored

O
g% %>
El41: @»@ 0@/\ TEXONO:
Lower bound so O@/\ /%\ V-e scattering;
X decays inside /%\ N depends on interference

the beam dump

Prompt X decay

at ATOMK| g
mx = 17 MeV Be decay length
106 10° 10+ Ey




Summary of IR Parameters

3.7 x 1073

Protophobic to ~10%
7.4 x 1077

2x107* <le| <14 x 1072  El4l and (g-2)e

\s,,se\l/Z <7x107° TEXONO

arXiv:1609.0741 |




UV Models



Protophobic Challenge

® |t is difficult to get protophobic couplings to the quarks, because they do not
commute with SU(2) x U(I).

® Thus, engineering them requires electroweak symmetry breaking. There are
two options:

® Mass mixing (through a Higgs charged under SU(2) x U(1)yx U(1l)x)

® A small fraction (< 10-3) of the SM Z appears in the mass eigenstate.

er=gx X5+ 0797

® Kinetic Mixing
1~ =~ 1z = €= =, 1 ,= = _
L= Ful™ = 2 X, X1 4 2B X +§m}XMXﬂ+Z filpf

er=0gxX¢+eQy

® Since mass mixing generically leads to axial couplings, we choose to follow
the kinetic mixing path from here on.



U(I) Baryon

® To begin with, take U(I)g.

® By itself, this results in equal couplings to
proton and neutron. The proton is
neutralized if we tune the kinetic mixing
parameter € = - gg.

® This tuning is O(10%) to successfully
evade NA48/2 } GRAY REGIONS RULED OUT

® The electron couplings are generically a bit
too big.

® (However, the muon couplings are in the
ballpark needed to address (g - 2),!)

® Neutrino couplings are naturally zero.

mx = 17 MeV 8Be decay length



U(l) Baryon Anomalons

Cancelling anomalies requires us to add
more fermions.

Field Isospin I HyperchargeY B

@)
@)

A set of fermions which look like a chiral
family of leptons (but carrying baryon
number) will do the trick.

|
— = NI

O O O O NN
|

o O

The U(1)B - breaking Higgs VEV is too
small to give them big enough masses, so
they get the bulk of their masses from the By — By =3

SM Higgs. _ - _ -
Ly = —y1VWirhsmnr — y2Vrhsmxr — y3Vrhsmnr — yaV rhsmXr

—)\\I;SBﬁL\IJR — )\nSBﬁRnL — )‘XSBXRXL -+ h.C.

Contributions to precision EW Sand T

parameters are acceptable for AM ~ 50
GeV.

These new fermions look

something like charginos and
LHC bounds require M > about 500 GeV. neutralinos in the MSSM.




U(1) B-L

An intrinsically anomaly free option is
U(1)s-L.

This still results in equal couplings to proton
and neutron, so again we neutralize the
proton by O(10%) tuning of the kinetic
mixing parameter to € = - gp.L.

Now the electron couplings are naturally
smaller than the quark couplings, as desired. "\ GRAYREGIONS AULED OUT

The price to pay is that the neutrino
couplings are not only non-zero, but roughly
the size of the neutron coupling; too big!

® We can dial these away by mixing with
vector-like leptons. This still requires
large Yukawa interactions, and generically mx = 17 MeV
produces chiral lepton couplings.




Outlook

® A bump in the ete- invariant mass spectrum of a rare decay of 8Be* to
the 8Be ground state motivates a new particle whose mass is ~ |7 MeV.

® Statistically, the signal is ~6.80. Main question is the modeling of
nuclear background processes.

® Requires ~ 10-3 couplings to quarks, and should not appear in TT°
decays. For a vector, this happens for protophobic couplings.

® There could be connections to other mysteries at the MeV scale:
¢ (g-2)7
® Couplings are in the correct ballpark.
® Proton radius!?
e Difficult to build models.

® |[sn’t this supposed to be going away!?



Outlook

® There could be connections to other mysteries at the MeV scale:

® Self-interacting dark matter?

® Attempted in 1609.01605.

® Seems to run into problems with direct detection.

® TT0 — e+e- as measured by KTev?

® Longstanding 2-30 discrepancy;

requires axial couplings.

Kahn, Schmitt, TMPT
arXiv:0712.007 & PRD

Requires careful understanding 5§
of UV physics canceling
anomalies.

Kahn, Krnjaic, Mishra-Sharma, TMPT
arXiv:1609.09072

Family Non-Universal Couplings, c¢§ = 1073

Allowed

Dumps

10
my [MeV]




Outlook

® The next step is to get experimental confirmation.
® ATOMKI is running with new detectors.
e TUNL.
® UKVan de Graaf accelerator.

® Upcoming low energy experiments can probe the relevant parameter
space.



Outlook

® Upcoming low energy experiments can probe the relevant parameter
space.

Mu3e, phase 2
(starting 018)

LHCDb, run 3
(2021-2023)

Darklight I
ete- =YX
(a few years?)

VEPP-3 (proposed) _
ete-—»yX 100 mx [MeV]




Thank You!




Bonus Slides



Beryllium crying Wolf?

a) - . a)

12C E1 transition 8Be (17.6 MeV)
M1 transition

yield of pairs
yield of pairs

Broad excess
likely E1 pollution

a9 ¢¢§’

* Consistent with BG |
e Ly V. S - ES S A A I 5

yield of pairs / IPC
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20 40 60 80 100 120 140 20 40 60 80 100 120 140
correlation angle w (degrees) correlation angle o (degrees)

de Boer et al. Phys. Lett. B388 (1996) 235

The ""deBoeron” claims from the 90s were less convincing
and are now ruled out.




Beryllium crying Wolf?

® There were preliminary results from
ATOMKI reported which claimed an

excess (of ~30) at |3 MeV.

"Litp.y)*Be
E,=1.04 MeV

IPCC(O)

® This has lead some to question the
current result.

m,c’ = 13.50(25) MeV

® The explanation from ATOMKI itself

is that these were preliminary results
based on a less than fully calibrated

detector.

0.08 |

® This signal, after calibration, grew
into the current 16.7 MeV excess 0.06

Lasuaduuaaldasaal saasdissaiaiasrlaa salaaaad il

: : 0 ¢ ) 20 130 140 150 16(
under discussion here. 80 90 100 110 120 130 140 150 lg‘dlgg'

® While | can’t add much to the
. . . L. Talk by Krazsnahorkay about
technical discussion, it is worth preliminary results from ATOMKI
remembering that experimental
recalibration happens all the time... Recall the first DO measurement of meop!




Considered Constraints

(Lifted directly from arXiv:1609.0741 1)



A. Quark Coupling Constraints

The production of the X boson in 8Be* decays is completely governed by its couplings
to hadronic matter. The most stringent bound on these couplings in the mx ~ 17 MeV
mass range is the decay of neutral pions into X~. For completeness, we also list the leading
subdominant constraints on ¢,, for ¢ = u, d.

1. Neutral pion decay, ™ — X~

The primary constraint on new gauge boson couplings to quarks comes from the NA48/2
experiment, which performs a search for rare pion decays 7 — ~v(X — eTe™) [68]. The
bound scales like the anomaly trace factor N, = (g,q, — £€4qq)*. Translating the dark photon
bound N, < €2 /9 to limits on the new gauge boson couplings gives

0.8—1.2) x 1073
2t ed] = Jepl 5 U212

~ \/Br(X — ete) 7 (34)

where the range comes from the rapid fluctuations in the NA48/2 limit for masses near
17 MeV. In Ref. [7], we observed that the left-hand side becomes small when the X boson is
protophobic—that is, when its couplings to protons are suppressed relative to neutrons.



2. Neutron—lead scattering

A subdominant bound is set from measurements of neutron-nucleus scattering. The
Yukawa potential acting on the neutron is V(r) = —(g,e)*Ae ™x"/(4xr), where A is the
atomic mass number. Observations of the angular dependence of neutron—lead scattering
constrain new, weakly-coupled forces [59], leading to the constraint

(5ne)2
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< X MeV

(33)

3. Proton fized target experiments

The v-Cal I experiment at the U70 accelerator at IHEP sets bounds from X-bremsstrahlung
off the initial proton beam [60] and 7 — X~ decays [61]. Both of these processes are
suppressed in the protophobic scenario so that these bounds are automatically satisfied when
Eq. (34) is satisfied.

4. Charged kaon and ¢ decays

There are also bounds on second generation couplings. The NA48/2 experiment places
limits on K™ — 7t(X — eTe™) [43]. For mx =~ 17 MeV, the bound on ¢, is much weaker
than the one from 7° decays in Eq. (34) [56, 62]. The KLOE-2 experiment searches for
¢ — n(X — eTe™) and restricts [63]

o] < 1.0 x 1072 (36)
T VBr(X —ete”)

In principle €, is independent and need not be related to the ®Be* coupling. However, in the
limit of minimal flavor violation, one assumes ¢4 = &,.



5. Other meson and baryon decays

The WASA-at-COSY experiment also sets limits on quark couplings based on neutral
pion decays. It is both weaker than the NA48/2 bound and only applicable for masses
heavier than 20 MeV [64]. The HADES experiment searches for dark photons in 7%, 1, and
A decays and restricts the kinetic mixing parameter to € < 3 x 1072 but only for masses
heavier than 20 MeV [65]. HADES is able to set bounds on gauge bosons around 17 MeV in
the 7° — XX — ete eTe™ decay channel. This, however, is suppressed by e+ and is thus
insensitive to |e,| < 1072, Similar considerations suppress X contributions to other decays,
such as 7t — p*rete”, to undetectable levels.

6. W and Z decays

The X boson can be produced as final state-radiation in W and Z decays into SM
fermions. When the X then decays into an electron—positron pair, this gives a contribution to

I'(Z — 4e) that is suppressed by O(g?). For the electron couplings e, < 1072 required here,
the impact on the inclusive widths is negligible compared to the order per mille experimental
uncertainties on their measurement [66]. The specific decay Z — 4/ has been measured to
lie within 10% of the SM expectation by ATLAS and CMS [67, 68] and is consistent with
the couplings of interest here.



B. Electron Coupling Constraints

The X boson is required to couple to electrons to contribute to IPC events. In Eq. (30)
we gave a lower limit on ¢, in order for X to decay within 1 cm of its production in the
Atomki apparatus. In this section we review other bounds on this coupling.

1. Beam dump experiments

Electron beam dump experiments, such SLAC E141 [69, 70], search for dark photons
bremsstrahlung from electrons that scatter off target nuclei. For mx = 17 MeV, these
experiments restrict |g.| to live in one of two regimes: either it is small enough to avoid
production, or large enough that the X decay products are caught in the dump [71], leading
to

A

lee] < 107° or >2x107%. (37)
VBr(X — ete)

The region |e.] < 107® is excluded since the new boson would not decay inside the Atomki
apparatus. This leads to the conclusion that X must decay inside the beam dump. Less
stringent bounds come from Orsay [72] and the SLAC E137 [73] experiment. The E774

experiment at Fermilab is only sensitive to myx < 10 MeV [74].

2. Magnetic moment of the electron

The upper limit on |e.| can be mapped from dark photon searches that depend only on
leptonic couplings. The strongest bound for myx = 17 MeV is set by the anomalous magnetic
moment of the electron, (g — 2),, which constrains the coupling of the new boson to be [62]

el < 1.4x 1072 . (38)



3. Electron—positron annihilation into X and a photon, ete™ — X~

A similar bound arises from the KLOE-2 experiment, which looks for ete™ — X~ followed
by X — ete, and finds |e.|/Br(X — ete~) < 2x 1073 [75]. An analogous search at BaBar
is limited to mx > 20 MeV [76].

4. Proton fixed target experiments

The CHARM experiment at CERN also bounds X couplings through its searches for
n,m — v(X — ete”) [77]. The production of the X boson in the CHARM experiment is
governed by its hadronic couplings. The couplings required by the anomalous IPC events,
Eq. (31), are large enough that the X boson would necessarily be produced in CHARM.
Given the lower bound from decay in the Atomki spectrometer, Eq. (30), the only way to
avoid the CHARM constraint for mx = 17 MeV is if the decay length is short enough that
the X decay products do not reach the CHARM detector. The dark photon limit on € applies
to €. and yields

el
V/Br(X — ete™)

>2x107° . (39)

This is weaker than the analogous lower bound on |e.| from beam dump experiments. LSND
data imposes an even weaker constraint [78-80].



C. Neutrino Coupling Constraints

The interaction of a light gauge boson with neutrinos is constrained in multiple ways,
depending on the SM currents to which the boson couples; see Refs. [81, 82]. The neutrino
coupling is relevant for the ®Be anomaly because SU(2);, gauge invariance relates the electron
and neutrino couplings. Because neutrinos are lighter than electrons, this generically opens
additional X decay channels and reduces Br(X — ete™). This, in turn, reduces the lower
bound on ¢, in Eq. (30) and alleviates many of the experimental constraints above at the
cost of introducing new constraints from X-neutrino interactions.

1. Neutrino—electron scattering

Neutrino—electron scattering stringently constrains the X boson’s leptonic couplings. In
the mass range mx =~ 17 MeV, the most stringent constraints are from the TEXONO
experiment, where 7, reactor neutrinos with average energy (F,) = 1 — 2 MeV travel 28
meters and scatter off electrons. The resulting electron recoil spectrum is measured. The
path length is short, so the neutrinos remain in nearly pure v, flavor eigenstates. In the
SM, v.e — v.e scattering is mediated by both s- and t-channel diagrams. A new neutral
gauge boson that couples to both neutrinos and electrons induces an additional ¢-channel
contribution.

Because constraints from 7.e scattering are sensitive to the interference of SM and new
physics, they depend on the signs of the new gauge couplings, unlike all of the other constraints
discussed above. The importance of the interference term has been highlighted in Ref. [48]
in the context of a B — L gauge boson model. In that model, the neutrino and electron
couplings have the same sign, and the interference was found to be always constructive.

Assuming that the experimental bound is determined by the total cross section and not
the shape of the recoil spectrum, one may use the results of Ref. [48] to determine the bounds
in our more general case, where the couplings can be of opposite sign and the interference
may be either constructive or destructive. Define the quantity g = |e.c,|'/2. Let Ao be the



maximal allowed deviation from the SM cross section and g+ (go) be the values of g that
realize Ao in the case of constructive/destructive (negligible) interference,

Ao = géO’X (40)

)
)

where g*ox is the purely X-mediated contribution to the cross section and g¢?cyy is the
absolute value of the interference term. Solving these equations for the ¢’s yields the simple
relation

—_

Ao = gio_int + giUX (4

DO

Ao = _gzaint -+ 94_UX ; (4

9-9+ =95 - (43)

The authors of Ref. [48] found that for mx = 17 MeV, the maximal allowed B — L gauge
boson coupling, gg_r, is 2 x 1072 and 4 x 10™° in the cases of constructive interference and
no interference, respectively. From this, including the factor of e difference between the
definitions of gg_;, and our ¢€’s, we find

Ve < 7T x107° for €., >0 (constructive interference) (44)
Ve <3 x 1071 for e.6, <0 (destructive interference) . (45)

The relative sign of the couplings thus has a significant effect. For a fixed value of <., the
bound on |e,| is 16 times weaker for the sign that produces destructive interference than for
the sign that produces constructive interference.



2.  Neutrino—nucleus scattering

In addition to its well-known motivations of providing interesting measurements of sin 0y,
and bounds on heavy Z’ boson [83, 84|, coherent neutrino—nucleus scattering, may also provide
leading constraints on light, weakly-coupled particles [85, 86]. Although v—N scattering
has not yet been observed, it is the target of a number of upcoming experiments that use
reactors as sources. In addition, the process can also be probed using current and next-
generation dark matter direct detection experiments by searching for solar neutrino scattering
events [87]. For a B — L gauge boson, this sensitivity has been estimated in Ref. [88] for
SuperCDMS, CDMSlite, and LUX, with the latter providing the most stringent constraint of
g1 < 1.5 x 10~*. Rescaling this result to the case of a boson with couplings ¢,e and ¢, e
to nucleons yields

€ A 2
ven |[(A=2)+ 22| < — (1.5 x 10* 4
£,€ [( ) + 8n]<47m(5>< 04", (46)

where we approximate the LUX detector volume to be composed of a single xenon isotope.
Since the NA48/2 bounds on 7° — X~ imply the protophobic limit where €, < &,, the
second term on the left-hand side may be ignored. Taking A = 131 and Z = 54 then yields

leen|'? < 6 x 107 or

0.002
g, <2x107* ( ) . (47)
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This bound is weaker than the rv—e scattering bound with constructive interference and
comparable to the v—e bound with destructive interference. As the v—N bounds are estimated
sensitivities, we use the v—e bounds in the discussion below.



Future Probes
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Other Large Energy Nuclear Transitions. The ®Be* and ®Be* states are quite special in
that they decay electromagnetically to discrete final states with an energy release in excess
of 17 MeV. Other large-energy gamma transitions have been observed [122], such as the
19.3 MeV transition in '“B to its ground state [123] and the 17.79 MeV transition in '"Be
to its ground state [124]. Of course, what is required is large production cross sections
and branching fractions so that many IPC events can be observed. It would certainly be
interesting to identify other large energy nuclear transitions with these properties to test the
new particle interpretation of the ®Be anomaly.

LHCbH. A search for dark photons A" at LHCb experiment during Run 3 (scheduled for the
years 2021 — 2023) has been proposed [125] using the charm meson decay D*(2007)° — D°A’
with subsequent A" — ete™. It takes advantage of the LHCb excellent vertex and invariant
mass resolution. For dark photon masses below about 100 MeV, the experiment can explore
nearly all of the remaining parameter space in ¢, between the existing prompt-A’ and beam-
dump limits. In particular, it can probe the entire region relevant for the X gauge boson
explaining the 8Be anomaly.




Mu3e. The Mu3e experiment will look at the muon decay channel y* — e*v,.v, (A" —
ete™) and will be sensitive to dark photon masses in the range 10 MeV < ma < 80 MeV [126].
The first phase (2015 — 2016) will probe the region e, = 4 x 1072, while phase II (2018 and
beyond) will extend this reach almost down to &, ~ 10™%, which will include the whole region
of interest for the protophobic gauge boson X.

VEPP-3. A proposal for a new gauge boson search at the VEPP-3 facility was made [127].
The experiment will consist of a positron beam incident on a gas hydrogen target and will
look for missing mass spectra in ete~ — A’y. The search will be independent of the A’ decay
modes and lifetime. Its region of sensitivity in €, extends down into the beam dump bounds,
i.e., below e, ~ 2 x 107, and includes the entire region relevant for X. Once accepted, the
experiment will take 3 — 4 years.

KLOE-2. As mentioned above, the KLOE-2 experiment, looking for ete™ — (X — ete™),
is running and improving its current bound of |e.| < 2 x 1072 [75] for mx ~ 17 MeV. With
the increased DA¢NE-2 delivered luminosity and the new detectors, KLOE-2 is expected to
improve this limit by a factor of two within two years [128].

MESA. The MESA experiment will use an electron beam incident on a gaseous target to
produce dark photons of masses between ~ 10—40 MeV with electron coupling as low as
gc ~ 3 x 107*, which would probe most of the available X boson parameter space [129]. The
commissioning is scheduled for 2020.

DarkLight. The DarkLight experiment, similarly to VEPP-3 and MESA, will use electrons
scattering off a gas hydrogen target to produce on-shell dark photons, which later decay
to eTe” pairs [130]. It is sensitive to masses in the range 10—100 MeV and e, down to
4 x 107, covering the majority of the allowed protophobic X parameter space. Phase I of

the experiment is expected to take data in the next 18 months, whereas phase II could run
within two years after phase I.




HPS. The Heavy Photon Search experiment is using a high-luminosity electron beam
incident on a tungsten target to produce dark photons and search for both A’ — eTe™ and
A" — ptp~ decays [131]. Its region of sensitivity is split into two disconnected pieces (see
Fig. 6) based on the analyses used: the upper region is probed solely by a bump hunt search,
whereas the lower region also includes a displaced vertex search. HPS is expected to complete
its dataset by 2020.

PADME. The PADME experiment will look for new light gauge bosons resonantly produced
in collisions of a positron beam with a diamond target, mainly through the process ete™ —
X~ [132]. The collaboration aims to complete the detector assembly by the end of 2017 and
accumulate 10'? positrons on target by the end of 2018. The expected sensitivity after one
year of running is €, ~ 1072, with plans to get as low as 10~* [133, 134].

BES III. Current and future e™e™ colliders, may also search for ete™ — X~v. A recent
study has explored the possibility of using BES III and BaBar to probe the 17 MeV
protophobic gauge boson [13].










