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The Atomki Experiment in a Nutshell

Search for internal pair creation (e* e production) in excited

states of 8Be

pF—0— O Q)

7T SPECTROMETER
Li

8Be

Feng et al, 2016

Target

MWPC Telescope detectors

Gulyas et al, 2015

1.0 uA proton beam from Van de Graaf generator impinge on LiF,, LiO, targets

e* e energies and angles determined by 5 plastic telescope detectors (scintillator +

PMT) and multi-wire proportional chambers
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The Atomki Experiment in a Nutshell

Proton beam energy tuned to excite J=1 Be states

Feng et al, 2016
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Detector calibrated using internal pair creation in 12C and 0

One week-long experiments at each bombarding energy, targets periodically changed
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The Atomki Results

Krasznahorkay et al, 2016

Isoscalar transition features significant bump-like excess in e* e

opening angle and invariant mass spectrum (6.8 o)

IPCC (relative unit)
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No corresponding excess in the isovector (8Be™) transition

150 6.05 MeV Feng et al, 2016
X e
8Be JF T EMeVl TlKeV] JF T EMeVl TlKeVl
3* 0" 1024 227
0" 2 202 720
3* 1" 1907 271
8Be” ,~\ 1* o 1815 138
8 \ " + *
Be 15-18 MeV 4+ 0 11.35 3500 BBe* 1 1 17.64 10.7
N N G
Be 18 MeV 2t o 3.03 1513 > 1 1692 740
o o e °Be l\;:/ 2" 0" 1663 108
togrou ate " - states of mixed isospin
PR R 1 1



The Atomki Interpretation

Krasznahorkay et al, 2016

Interpretation put forward by collaboration: light gauge boson
m = 16.7 £ 0.35(stat) £ 0.5(syst) MeV

I'(®Be’ —° BeX)

(B —° Bey) Br(X —efe)=58x10°

NA48/2 Collaboration, 2015

In the Atomki PRL the collaboration claimed this ¢ wasa KLo8
to be consistent with a standard dark photon | \??
featuring €2~ 10”7 g

Feng et al (2016) pointed out that explaining the " 'hm
Atomki result actually requires € ~ 0.011,

NA48/2
which is excluded, in particular by NA48/2 TR

2
10 10 x (MeV/c?)
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A Protophobic Vector Explanation

Feng et al, 2016 (PRL + PRD)

Assume more general vector setup

1 1 f
L= =X XMW 4 omy X, X0 = X0y Ju = 3o peepfauf

The NA48/2 constraint arises from = — X~ decays. Rate
proportional to axial anomaly trace factor (cuqu — €4qa)”

General setup can work provided X is protophobic,

(0.8—1.2) x 10

26w = <
26, + 4] = lep] S N ey (NA48/2 bound)
len] = (2 = 10) x 1073 (large enough rate; some caveats here)
e > 1.3 %107 (prompt decays)

VBr(X — ete)
See Iftah Galon’s slides for more details
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An Axial Vector Explanation

Another potential explanation: light axial vector i« o vorisey, s stroberg 2016
~Z ) Xu qugfyﬂwﬁq
q

Axial anomaly does not contribute to = — X~ in this case and so
X does not have to be protophobic

Also, less momentum suppression (L=0 vs L=1 in vector case)

Ax 2 342 2

t

Leading term for vector

ga o 4 g7 px|”
Lo = Z2BeGWEFY mmmhp M2spe ,spoxy = =55 M*m% [ 3+ 2 2

Challenge: have to do some nuclear physics
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In the vector case, nuclear matrix elements cancel (in the
pure isospin limit)

>
[(*Be* —® BeX)  (*Be|Ji[*Be*) (g, + cn)(*Be [NYAN|" Be)

* X =
C(EBe” =% Ber) — (sBel gy [*Be") (*Be [N " Be™)
~

N

=€p tEn

Cancellation does not hold in the axial vector case

[(*Be* -8 BeX)  (®Be|Ji|*Be*)  ao(®Be |N7“75N|8 Be*)

. X -
['(®Be” =% Bey) — (3Be|JX,,|” Be*) (8Be ‘N*y“N!S Be™)

Need matrix element

Here ag = 2(Au + Ad)(e, + €4) + 4Ase, relates nucleon to quark operators, with current
J/i( = Zsff_’Y,u’YSf
f



How large do the couplings have to be?

—Z D Xy Y gy e (N|D 907" qIN) = 00 gAY
q q q

Decay width for J =1 = 0 transitions (at leading order in k/m,, expansion):

k E? . N
— Tt (2 k) [0l + ay(0lo”ln)

Need to compute (0||c”"||1) for the 8Be states of interest



Matrix Elements

Full ab-initio calculation of the matrix elements

Utilizes the In-Medium Similarity
Renormalization Group (IM-SRG)
with forces derived from chiral
effective theory (NN + 3N) and
including effects from meson
exchange currents (MECs)

Fix isospin mixing fraction from M1
isoscalar transition to extract
predictions for the other matrix
elements
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Results:

Matrix element Prediction

07V (i) 0.76(12)
20: Jp]‘||V>> 0.1022283
0" ||o, ||V —0.073(29
(0T |op||S) —0.047(29)
(0T |on||S) —0.132(33)

Things to note:

-Relative sign between the proton and neutron matrix elements for the
8Be™ transition, but not for 8Be”, results in suppression of isovector rate

-Significant error bars (can be improved in the future) but results enough
to begin scrutiny of the axial vector scenario



Obtain range of couplings required to explain the Atomki result

Requirements depend on precise mass (need more info from experimentalists)

10 90 <0._94 >0
[spe* \
myx >~ 16.7 MeV, FSBe —~*BeX ~ 58 x 107° *Be  signal too large
8Be*—8Bery
FS *_\8
my ~ 17.3MeV, Be 2BeX 93 x107° 10% |
F8Be*—>SBe’y """"""" e
Ispo*_.s — *Be* favored
mx ~ 17.6 MeV, Be =2"BeX L 50x 1077 = %
FSBe*—>8Befy
107
Demand that the corresponding isovector
transition rate is not too large to conflict with
null results
T 100 107
I'sper 8Be x > 5 x L'sper 886 x

19,1
FBBe*—>8Be'y 1—‘8]3e*'—>8Be’y !



What about other constraints? And UV completion?

Impact of other constraints depend on UV completion. Our assumptions:

£ X, Y bl +9i") b

These assumptions can be relaxed if so desired



Dominant constraints on lepton couplings:

Decays inside Atomki detector: VI )+ () > 13x107°

e

Muon (g-2): |-(g))*+9x107(g))*| S 1.6 x 1077

Electron beam dumps (SLAC E141): V (92)* + (9:)” >2x 107

(&

Electron-positron colliders (KLOE2): V (gf>2€+ (9e)* <2x107°
Parity-violating Mdller scattering (SLAC E158): |4 ¢ S1x 1078
Dominant constraints on quark couplings:

A
- 9u (gu + ga — 1595) —10
Ll LV e VS VA CR A

Proton fixed target experiments (v—Cal I) (also depends on coupling to electrons)



Putting it all together

A light axial vector can be a viable explanation of the 8Be anomaly

Detailed results depend on relationship between leptonic and quark couplings

10-3 gu

Dominant constraints on this scenario depend on
leptonic couplings and are highly UV-dependent

10 ) .
B 8., N The Atomki nglllrgs;lt fordsBe places 'the :
5 "///fﬂ'!l!ﬂf 38" excluded strongest model-independent constraint on the
////// quark couplings
10 | ‘4522%

Relaxing our initial assumptions could potentially
open up more parameter space

10°
10°® : - 1073

|9, |
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A UV Completion

Relationship of couplings shown can arise in a UV completion
involving a dark U(1).,, and two Higgs doublets

10-3 Gy

Purely axial quark couplings + vanishing neutrino
couplings (there’s tuning here) results in:

Gu =292,  Go.=0a 9o, =20

|9d|

Also require vector-like fermions (+ dark Higgses)
to cancel anomalies. LHC limits on “anomalons”
yield upper bound on couplings (subdominant to
8Be™ limit)

10° 107 10 1073
|9, |

Results stress importance of complementarity and of probing both quark and leptonic couplings
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Many planned experiments should have an impact on the
light (axial) vector scenario

Lepton Couplings:
VEPP-3, DarkLight, MESA, Belle Il, HPS, APEX, PADME...

Quark couplings:
LHCb, ShiP, SeaQuest ...

Other nuclear decay experiments (including independent verification of the Atomki
result!)



-A light vector axially coupled to quarks can explain the 8Be anomaly
and exist in a viable UV-complete theory

-If the anomaly goes away, we have a new constraint on light
axially-coupled vectors (already have a new constraint from 2Be*’)

-Important to target both lepton and quark couplings

-Are there other nuclear systems that can be useful in discovering or
constraining light new vectors that are otherwise difficult to probe?



Backup



Ab Initio Predictions for Be

IM-SRG calculations reproduce the observed 2Be spectrum

20 3 b 2 > &
L 3+ + : 0+ + 1
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L 2t —1 } — 1+
9+ 1+ N —
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Repurpose model from Kahn et al, 2016

RH SM fermions charged under new U(1), Field SU@).  SU@L Uy  Ul)gy

with gauge coupling g, H, 1 2 +3 +a,
Hy 1 2 *% +qmH,

Kinetic mixing € with hypercharge c 3 2 Can
de 3 +1 —qm,

. . . et 1 1 +1 —qm,
Require two Higgs doublets for SM fermion "
mass terms: Lysaupm = yuHuQu® + yaHyQd + y.HyLe 4 h.c. u 3 1 +32 +qm,

ue 3 1 -2 0
D 3 1 —% +qn,
Require vector-like fermions (+ two dark e 3 1 +3 0
. . £ 1 1 -1 +qu,
Higgs doublets) to cancel anomalies - L " .
L = Ly oupm + yuH, UU + yp H;DD® + ye HiEE® + h.c. 7 n 1 5 .
H& 1 —qH,
Resulting couplings:
SM lepton e W, T SM quark u,c,t d,s,b
g9 t9pau, — €e | Sgpqm, — ec 9 39p4H, + 3€¢ | 39pqm, — 5€¢ (neutrino coupings set to 0)
g —39p4n, | —39pqm, 9 —39D4H, —39p4H,




