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Motivation - Complementarity

New Forces:
@ Dark Matter C Dark sectors
New Forces
e GUTs & EWSB =
@ v'sand B— L light bosons
o light weakly coupled NP

Complementary to colliders = Low-Energy

Hints ?
o (g — 2)“ ‘ MeV-scale: Nuclear Physics

. Treiman, Wilczek (1978)
o PrOtOﬂ radIUS talk by Richard Hill Donnelly, Freedman, Lytel, Peccei, Schwartz (1978)
Savage, McKeown, Filippone, Mitchell (1986)

Khan Schmitt & Tait, arXiv:0712.0007
. 0 — ’
o KTeV: ° — ee

Khan Krnjaic, & Tait, arXiv:1609.09072
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The Atomki Experiment

Schematics Experiment

((@X fl

: : ATOMKI PAIR
SPECTROMETER
+ 7

8Be

by F. Tanedo

Nuclear Reaction: p* + “Li — ®Be*
. Al ~ 2° (design)

Gulyas et al; NIM A808, 2016, 21-26

EM transition: 8Be* — ete™ + ®Be
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Nuclear Structure of 8Be

8Be: one of the largest v emission of all nuclei

by F. Tanedo based on Tilley et al.(2004)
8Be* decays
@ Br(p™ + "Li) ~ 100%
@ Br(®Be +) ~ 1.4 x 107>
@ Br(®Be +ete™) ~ 3.9 x 1073 Br(®Be + 7)

8Be* structure
@ JP doublets are T-admixtures
@ O(20 MeV) El-states with large '
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The Atomki Result

° |13ump—like excess in two distributions  from krasznahorkay et al.
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Excess statistical significance 6.80 — 1.07x?/d.o.f
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The Atomki Result

@ bump, not smooth excess, not a “last bin" effect
@ excess in (.. and m.. agree

M1: 18.15 MeV v 17.64 MeV X

ly <3|, Eee>18MeV, E,scan, El-contam, bkgs

Excess statistical significance 6.8c — 1.07x?/d.o.f favors
intermediate boson
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Interpretations

@ Nuclear Physics Theory - New Phenomena 7 i by xilin zhane
= Cannot account for 8Be signal Zhang & Miller arXiv:1703.04588 [nuc-th]

@ Unknown Systematic Effect ?
= other nuclear transition fit predictions

e Today: New Physics = X-boson

can be verified in
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The X-properties

@ my = 16.7 £ 0.35(stat) & 0.5(sys) MeV

r(®Be*— 8Be+X _ r(®Be**— 8Be+X
0%:5.8X106 (8 TR )%0
I(8Be*— ®Be+7) I(®Be*'— 8Be+7)

@ X must be an iso-scalar

@ X is a boson, but is it a
o Scalar, JT = 07 foridden by 4 conservation
o Pseudo-Scalar, J™ = 07 Eiwanger & Morreti, arXiv:1609.01669
e Vector, JST =17

1 PseudO—VeCtor, Jﬂ- - ].+ talk by Jonathan Kozaczuk
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Scalar ?

Spin and Parity in the decay
J(®Be) =07 <+—= J(®Be")=1" = J(X)=0"
Total angular momentum conservation
J=L+S5 — Lf,',,a/:].

Then
Pinitial = (+) # (—) = (+)(+)(—)L:1 = Phinal

A Scalar is forbidden by parity
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Vectors

Is X a Dark Photon, A’, kinetically mixing with U(1)gpm

1 v
‘C:_ZFM F/U/

€ 1
2

NA48/2 search for

70 = y(X = ete):

e<(8—12)x 107"

No account for (g —2),
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Holdom Phys. Lett. B166 (1986) 196

NA48/2

2
10 10, (Mev/c?)

from-NA48/2; arxiv:1504.00607
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A Way Around = Protophobia

Assume B
Line D X% S =€) e eyl
f

Main bound M(7° = (X — eTeT)) o< Tr (QEMQX)
g

1
,,,,,, BR(n” = X) = 5 (260 + a)”

Disappears for
2e, ~ —€g —> ¢, =0
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Nuclear = Particle: EFT approach

Following Petrov and Blechman

Oyq

Lint D Ad—4

@ Os contain fields ®Bey;, ®Be, X, A,, derivatives 0, and ¢

o 2al

@ Os have definite spin & parity.

. I H r ~ 6 MeV
@ expansion validity { ~ 5550y < 1

o [T (®Be” = ®Be V) = - ———|(®Be V|Li[*Be)[2

8Be*

spins
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EFT < Microscopic Theory: Vectors

V= X

EFT: Microscopic:

At LO, the single operator

ece€ . p
v _ Vs VvV _uvpo L,,«,t D v,J
L, = A Be G, F,, € w2V
1%
[ 7y o AH
with G, = 9% Be), — 95Be}, Jy=e E erey s
W, = f
Note, EOMs: B . 0 Then
or 8Ber, =0
decompose into: J§, S
2.2
e‘ey, -
r\/ X /\2\/ |kx‘3
v

Iftah Galon - UC Irvine March 23, 2017 U.S. Cosmic Visions: New ldeas in Dark Matter



IsoSpin Conserving Scenario

Naively

@ 8Be* : isosinglet

@ 8Be*' : isovector

PROTOPHOBIC /

Nuc H H
] Hint preserves 1sospin

DARK PHOTON

€p + €, =0.01 or
L €, +€4=33x10"3
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IsoSpin Violating Scenario

I'y/T,
[107°]

In reality F
P 15

@ 8Be* & %Be** : iso-admixes

?0-[ X ’ltg

(<))

o HNue > jsospin

@ myx 2 17 MeV = lower rates 05

DARK P
(allow x10 smaller) HOTON

02 ‘
&
-0 -8 6 4 -2

4-2
g, x 10°
Nuclear Physics input: er = (2—10) x 103 < 2.5 x 10-2
Pastore et al -3 E—aﬁgiesrciaﬁegiﬂ?m 1975
Phys.Rev. C90 (2014) no.2, 024321 ep <1.2x10
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Lepton Sector Constraints
At mx = 17 MeV

° (g _‘62)|e< 1.4 x 10_3 Ee . GRAY REGIONS RULED OUT
e .

@ KLOE2 ete™ — X, X — ete™
o <2 x 1072 .

@ TEXONO: v — e scat.

V]€ee€er| < 7 x 1073(const.)
V]eeen| <3 x 107%(dest.)  44u

@ prompt decay < 1 cm
-5
lee| > 1.3 x 10 mx = 17 MeV ®Be decay length

10°
10° 10° 10+ Ev

lee| > 2 x 104

@ Beam dumps
P {|ee| <108
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Model Building - The benchmark

€n =€, + 264 =(2—10) x 1073

€p = €4 +2€, < 1.2 % 1073

2x107* < le| <14 x 1073 (g —2), explained
V]ee€s| < 7 x 10%(const.)

V]eee,| < 3 x 107*(dest.)
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Model Building

@ gauge a global symmetry: U(1)g, & kinetic mix. v — X

€p = €+ €
€Eh — €RB
ey =esQF + QM =
‘ ‘ €e = €5 — €p

€, =0

o Q" ~ Q — B in the protophobic limit

o For (ep, €,) = (0.001, 0.002) & €, ~ €
with mild O(%10) fine-tuning

@ no v coupling - strongest constraint, and no X — inv
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The U(1)s Model

@ cancel anomalies: =

Wise et. al (2013), Fileviez Perez et. al (2013, 2014), Duerr et.al (2015)

e Constraints: LHC & LEP, Oblique Params. , h — 7~ decays

@ Prospects: B-charged vector-like set of “leptons” = DM

o U(1)g SSB by (Sg) ~ 10 GeV522 (unlike TeV models)
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Promising Outlook to Verify/Exclude ®Be result

0B : 19.3 MeV

4He > 23 MeV Leach & Brodeur
ATOMKI - new detector

Isotope shift - talk by Claudia Frugiuele
PADME - talk by Mauro Raggi

HPS - talk by Omar Moreno

LHCb - talk by Philip liten

SHIP talk by Antonia di Crescenzo

DarkLight talk by Michael Kohl
MMAPS (vis) talk by J. Alexander
TUNL (HIGS facility v Nuc)
UK VdG

TREK@JPARC KT decays

LHC - prob UV
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Conclusions

@ Big problems need solutions: Dark Matter (sector), GUT&
EWSB, particle quantum numbers

@ 6.80 significance result (1.07 x?/dof) favors intermediate
particle,
a new boson X, at my ~ 17 MeV

@ NOT a dark photon, but could easily emerge from DM & GUT
considerations.

@ could account for additional anomalies like (g — 2),, KTEV

@ upcoming and future experiment are sensitive to X, and to Dark
Sector particles at the EW scale.
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ATOMKI Setup

@ Van de Graaff accelerator — p* beam , resolution O(100 keV)
— generate known nuclear excited states on-resonance

@ Relevant Nuclear Reactions

p+ 'Li — ®Be

EX" = 1.03MeV — ®Be* (18.15 MeV)
EX" = 0.441 MeV — ®Be*’ (17.64 MeV)
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ATOMKI Setup

@ plastic scintillator AE — E setup, position using: MWPC

@ 5 Telescope circular array,
high efficiency ~ 7 x 1073

@ large 0. coverage

o max(Ee) ~ 18 MeV

e Af = 2° (design)

e Af = 6°, beam position on I
target, calibration B

from Gulyas et al; NIM A808, 2016, 21-26
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New Boson, X, Interpretation

Why a new boson 7 Why mx ~ 17 MeV
o Px(mx ~ 17 MeV) = 6.35 MeV

e 0™ = ArcCos <M> ~ 140°

2 12 _Am?
Pg—mg —4mg

@ me. shows a bump at me. =~ myx
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A (non-exhaustive) list of reasons to doubt

@ Background sources ? ~s, Cosmic us
@ Nuclear interference effects
@ Claims of various excess in 8Be in the past (de Boer et al.)

@ The Be* state @ 17.64 MeV
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Tackling Skepticism 1 - Backgrounds

Dealing with backgrounds
@ s - mainly from target area scattering (y-conversion),
e suppressed by target design

e reject using coincidence requirements in detectors
o the effect does not appear in the 17.64 MeV state
e the effect does not appear off-resonance

@ cosmic ys
e shape estimated from off-time.

e scale: comparing and E.. > 20 MeV during run to off-time

° LiF5, LiO, known and understood
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Tackling Skepticism 1 - Backgrounds

Verification and Cuts

symmetric spectra:

kln
Gate threshold: ly| = B2 05
.y Ekln+Ekln = .
E.. > 18 MeV
-1
1 10
150 6.05 MeV
2 2
s 2 =
< e = <
= K RO =
= 3 ] © o
5 10! £ v o
=z el E Ty g
k) 2 g
£ $Be 15-18 MeV o
: 2
£ &
5Be 18 MeV
107 10*
1 1 1 1 1 1 1 1
L : ! ! L ! 80 90 100 110 120 130 140 150 160 170

40 60 80 100 120 140 160

O (deg.) O (deg,)
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Tackling Skepticism 2 - Interference Effects

El1- M1
@ Non-Resonant production

a): Ep= 1.20 MeV
b): Ep: 1.10 MeV
c): EP= 1.04 MeV
d): Ep= 0.80 MeV

18 20 22 24 ZGEnergy [Mev]

M1 + 0.23E1 composition

IPCC (relative unit)

@ known ~v-FB-anisotropy
can aﬂ:ect eee(detectorposition) PRSPPI IS EI S S R S
Mainsbridge, Nucl. Phys. 21, 1 (1960) 40 60 80 100 120 140 160

Zahnow, et al. Z. Phys. A 351, 229 (1995) © (deg.)
Goldring, Proc. Phys. Soc. 66, 341 (1953) from Krasznahorkay et al.

Excess statistical significance 6.80 at £ = 1.1 MeV
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Tackling Skepticism 3 - Past Experience

Too many past excesses

@ de Boer et al.

e 9 MeV in Ml1-transition in 8Be*’
e 12 MeV boson in M1-transition in 8Be*’
o El-transition 12C and

o Krasznahorkay et al.: 13 MeV

Persuasive Arguments

@ Better angular acceptance - large 6., coverage

@ Accounting for interference effects
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IPCC (relative unit)

Tackling Skepticism 4 - 17.64 MeV

The ete™ spectrum of the 8Be*’ does not exhibit an excess

(b)
El
M1+0,02E1
o Gate: 14.6 MeV
® Gate: 17.6 MeV
M1
L L L 1 L

Iftah Galon

60 80 100 120 140 160
© (deg.)

from Krasznahorkay et al.

Matches M1 + 0.02E1 composition
(and excludes past excess claims)
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Tackling Skepticism 4 - 17.64 MeV

@ Angular systematic error A = 6° — Amg, = 0.5
In total

myx = (16.7 4+ 0.35(stat) &+ 0.5(syst)) MeV

Consistent with at lo
Phase-Space suppressed decay
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Comparing v & X: e, =1

[(®Be* — %Be+X) , A% |kx|®

= X =58x107°
FCBe" = Be+v) R |kp

Q»l

But what are the As ?

Compare known results
[ (®Be — *Be+7) = A, =2 GeV

But how to disentangle ex and Ax
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Currents and Amplitudes

Conserved isospin limit = isospin doublet

The isosinglet and isovector currents are
JSL:l\_Iy“N:J;,‘—I—J,‘f J{L:I\_IW“T3N:J;;—J,’,‘

The EM current is

ey = et = g(J{f o

while X couples to

[
JX = €em €p J;; + eem 6,,./#

(S €
= et e+ 6k
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Currents and Amplitudes

So that
L * e 1 * e *
(®Be|Jf: [*Be*) = §<8]3G|JS|813e ) + §<SBG| °Be*)
* € ) * € *
(*Be|J%[*Be*) = E(Gp + €n)(®Be| [ [®Be*) + §(Ep — en)(*BelJ/|*Be*)

In the limit that 8Be* is pure isosinglet
(®Be|J}|®Be*) = 0

Hence
Ax =N\,
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Then
[ (®Be* — 8Be + X) E .
g n pry — 58 107
[ (8Be* — Be + ) (€ + €n) PSE 8

with |kx| = 6.35 MeV, [k,| = 18.15 MeV

€p + €, = 0.01

or

€, +€,=33x103
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Rates - Isospin Mixing & Violation

@ States are isospin admixtures

°Be” ) = B10) — all)

2 2
ey = afo) 4 g1y T

@ take into account isospin breaking, AT = 1 suprion
°

(®Be|Jk,[®Be*) x BMl7—g — aMly—; + xBMl7—;
(®Be|J%|®Be*) o (ep + €n)BMlr—g + (¢p — €n) (~aMlr—; + KBM17_;)

with
M]-T:O = 0014(1)#/\/ M]-T:O = 0767(9)/LN

Pastore et al., Phys.Rev. C90 (2014) no.2, 024321

Iftah Galon - UC Irvine March 23, 2017 U.S. Cosmic Visions: New ldeas in Dark Matter



Rates - Isospin Mixing & Violation

One finds
r—X = (€p + €n)BM1lr—o + (€p — €n) (—aMlr_y + KBM17) 2 ’EXP
Iy BM1r_g —aMlr_; + kBM1r_ “?7‘3
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Anomalous Nucleon Magnetic Momemnts

Our theory is microscopic
I X, = e (euiv'u+ eqdyd +...) X,

2u—|—d’>

_ (P w_n
Can be mapped to Nucleon level N = (n> = (Zd Y
€p = 26, + €qg €, = 264 + €,

Jx - vector current. Decomposed to vector current
Jo = NN = Ji + Jbv = Jit + J) isosinglet
{J{‘ = Ny*T3N = Jo — Jo = Ji — Jij isovector
For the rate we calculate
(®Be|J%|®Be*) < (*Be|M1|*Be*)
where M1 include all Nuclear & Nucleon level effects, including
magnetic moments - which are QCD dominated !
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Pseudo-Scalar (ALP)

Same approach

J(®Be) =0" <« J(*Be")=1" = J(X)=0"

ALP searches exclude:
107 GeV™' < gxyy < 1071 GeV7lg

Débrich et al. arXiv:1512.03069 8
Hewett et al., arXiv:1205.2671 S
>

Recently Ellwanger & Morreti, arXiv:1609.01669
&xee = Decay in Dump
no constraint 102 10 00

m, [GeV]

from Dobrich et al.
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Other Vector Avenues

@ pure B—L:

ngL‘mNN ey <2x107° = cannot account for signal

@ Axial vectors - avoid 7° decay bounds (Sutherland-Veltman)
worry about
e Matching to nuclear theory

e Atomic Parity Violation constraints

e enhanced contributions to constrained observables
cf ¢ - nX and (g —2),
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The U(1)g_; Model

€p = €B_| T €

€ €B_

B—L EM n B-L
€yp = erLQL;‘) + EQU =

‘ ‘ €e = —€p

€, = —€,

@ Q-(B-L) in protophobic limit
@ Anomaly free with vgs.

e For (€p, |€n]) & (< 0.001, 0.002 — 0.008) fits ®Be and 7°
constraint. Nontrivial €. in the correct range. & ¢, ~ €. (and
also account for (g — 2),,.

@ ¢, too large = r-neutralization.

o (hx)~ 14 GeV% breaks U(1)g_, and generates:

my, mﬁ/"”“a”a, v — Vp-mixing
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New Boson ?

week ending

PRL 116, 042501 (2016) PHYSICAL REVIEW LETTERS 29 JANUARY 2016

Observation of Anomalous Internal Pair Creation in *Be: A Possible Indication of a Light,
Neutral Boson

A.J. Krasznahorkay, M. CsatlSs, L. Csige, Z. Gdcsi, J. Gulyds, M. Hunyadi, L. Kuti, B. M. Nyaké, L. Stuhl, J. Timdr,

T.G. Tornyi, and Zs. Vajta
Institute for Nuclear Research, Hungarian Academy of Sciences (MTA Atomki), P.O. Box 51, H-4001 Debrecen, Hungary

T.J. Ketel

Nikhef National Institute for Subatomic Physics, Science Park 105, 1098 XG Amsterdam, Netherlands

A. Krasznahorkay
CERN, CH-1211 Geneva 23, Switzerland and Institute for Nuclear Research, Hungarian Academy of Sciences (MTA Atomki),
P.O. Box 51, H-4001 Debrecen, Hungary
(Received 7 April 2015; published 26 January 2016)

Electron-positron angular correlations were measured for the isovector magnetic dipole 17.6 MeV
(" =17, T = 1) state — ground state (/* = 07, T = 0) and the isoscalar magnetic dipole 18.15 MeV
(J% =17, T = 0) state — ground state transitions in *Be. Significant enhancement relative to the internal
pair creation was observed at large angles in the angular correlation for the isoscalar transition with a
confidence level of > 5a. This observation could possibly be due to nuclear reaction interference effects or
might indicate that, in an intermediate step, a neutral isoscalar particle with a mass of
16.70 £ 0.35(stat) + 0.5(syst) MeV/e? and J* = 17 was created.

DOI: 10.1103/PhysRevLett. 116.042501
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