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If 1t 1s confirmed that correct interpretation of the ATOMKI 8Be and 4He anomalies 1s indeed a new “X17” particle,

5Be*(18.15) — °Be(0) +eTe” ‘He*(21.01) — “*He(0) +eTe”
. @ 100
= ; 3 + 4
800 5 90 [ H(p.e e) He
> 700 } 80 F E =900 keV
= -y :
S 600 Jr % 0 ¢
Z . . E -
= R + 60
g S0 + E :
i ) 50
S 400 | ++JF % :
S 300 [ IPC,MI+El H_ _________ :
= ; \ 30 ¢
£ 200 F :
z 2004 T 20 |
100 - 3
S —— | . N 101 \ /ele
N T Legors m'mlu"m;mumim,"‘;“,|,..|..I---lllll"\'“l-?" 0:...I...I...I...I...I.--I---I---I--!
9 10 11 12 13 14 \15 16 17 /I8 10 11 12 13 14 15\ 16 17 19
m_, (MeV) Invariagt mass (MeV/c")
Krasznahorkay et al.,
PRL 116 (2016) Krasznahorkay et al.,

arX1v:1910.10459 [nucl-ex]

many of us will be having an “Isaac Rab1’s existential moment”:

“WHO ORDERED THAT?”




While most X17 candidates seem apparently ad hoc,
one possible explanation 1s extremely well-motivated:

X17 = the QCD axion

“WHO ORDERED THAT?”
QCD did,

For «hat Purpose?
To solve the strong CP F?ro-biem‘
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The Strong CP Problem

CP 1s not a good symmetry of the Standard Model
(1t 1s maximally violated in the weak sector)

Yet, the strong interactions are CP-symmetric to an incredible accuracy!

expected “natural” value of neutron EDM: |d,,| ~ O (1()_ 16) € - CIn

0—26

current experimental bound on neutron EDM: |d,,| < 3 X 1 e - cm

This 1s considered a strong indication of a dynamical mechanism relaxing the strong CP phase to zero

The most popular such mechanism 1s the one proposed by Peccei and Quinn,
whose smoking-gun prediction 1s a new light pseudoscalar,

the QCD axion

e ——————

4



But today the consensus 1s that the QCD axion, 1f 1t exists, should be

ultralight and cosmologically long-lived = an attractive dark matter candidate!
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But today the consensus 1s that the QCD axion, 1f 1t exists, should be

ultralight and cosmologically long-lived = an attractive dark matter candidate!
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This possibility faces a significant challenge:

The wide separation between the PQ
and QCD dynamical scales makes the
cancellation of the strong CP phase
highly vulnerable to spoiling effects
(the “axion quality problem™).
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and QCD dynamical scales makes the
cancellation of the strong CP phase
highly vulnerable to spoiling effects
(the “axion quality problem™).

From this perspective, it 1s worth considering
implementations of the PQ mechanism

closer to Aocp.

Consequence: a heavier, less weakly-coupled,

and short-lived axion (cannot be dark matter!)

Experimentally viable QCD axion variants
in the O(10 MeV) mass range must be:

" - piophobic
- electrophilic

- 2nd and 3rd generation-phobic

_ (i.e., muon-phobic, charm-phobic, bottom-phobic, etc)



Axion emission in nuclear transitions was one of
the first predicted signals of the original axion,

and 1t was extensively studied and experimentally
searched for during the 80s and early 90s...

Emission possible in magnetic nuclear transitions with AE > m,

| ()
excited nucleus

A
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Production s\, \\\:7'(' , ’]’]’ 77
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5Be*(17.64) — °Be(0)+ete”™  ®Be*(18.15) — °®Be(0) +ete”

- b)

To explain the 8Be and 4He anomalies,
the QCD axion must be:

"Li(p,e*e) Be
E =441 keV

"Li(p,y)*Be
E p=1100 keV

ATl ~ 0

10

IPCC(exp), IPCC(simu) T

[y
=]

IPCC(0O) (relative unit)

- piophobic (suppressed rate in Al = 1 transitions)
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. . *Be*(17.64) — °Be(0) +efe”  ®Be*(18.15) — ®Be(0) +e'e
To explain the 8Be and 4He anomalies, NS — :
the QCD axion must be: : ; byt
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. . Be*(17.64) — °Be(0)+ete”  ®Be*(18.15) — ®Be(0) +ete”
To explain the 8Be and 4He anomalies, S e :
the QCD axion must be: = | Ik oo s
. . . . . glo'l— % o’ :F—‘F A] ~ O
- piophobic (suppressed rate in Al = 1 transitions) = - X,
- electrophilic (prompt decay to eTe ™) T e
> 10 '2:— ) " “1’::%;
This “a(17)” hypothesis naturally explains: T o
/ e 3Be anomaly as the M1 transition ((
*Be(18.15) — ®Be(0) 4 a(17) /
. L . SN B
* Piophobia implies a suppressed signal —~ Qa ’ Qa ,
in the Al =1 transition ‘\’ K K
®Be(17.64) — ®Be(0) + ete™ . a(17)
Discrete T L
. Transitions
e 4He anomaly as the MO (0~ — 0™) transition t w €
‘He(21.01) — *He(0) + a(17) et

Al =0

 The absence of any signal in nuclear transitions/
\_ capture reactions with electric multipolarity
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In our adopted parametrization, the axion nuclear couplings are: a N iv° (gg?\), N T gg\)[ N73 ) N
, 1 MmN
- 1sovector: gC(L]\)TN = Ourn gaNN = Ular (Au _ Ad) f— )
with < 0 "\
_1soscalar: g,y = (Hanud (Au+ Ad) + V204, AS) A

We use the axion emission rates in nuclear transitions estimated by Donnelly et al., PRD 18 (1978)
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Bands include uncertainties 1in nuclear matrix elements, nuclear structure parameters, and 1n 6,; KTeV fit
sBe and “He excesses are compatible with the same range of 1soscalar axion couplings
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Constraints on a(17)

15



Additional experimental constraints on a(17)

Radiative quarkonium decays Muon’s magnetic dipole moment
8
- \S\/\/\j Y
J/, T < .
. 7 TTe-.
C, 7 a
mMe b
Q3 ™
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Additional experimental constraints on a(17)

Radiative quarkonium decays Muon’s magnetic dipole moment

~

™

b

Q=
7

These observables are grossly over predicted unless a(17) has
very suppressed couplings to SM fermions of 2nd and 3rd generations
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Additional experimental constraints on a(17)

Experimental requirement of piophobia

Rare charged pion decays

18

Last looked 1into 1n 1986
by the SINDRUM Collaboration
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Additional experimental constraints on a(17)

Experimental preference for piophobia

Rare neutral pion decay SM theory —e— KTeV (2007)
prediction
| o | E851(1993)
7TO B €_|_
""""" Kommmmmmmmme = ° E799 (1993)
€
Oar
< | SINDRUM (1989)
6 g 10 2 14

Br(z' - ete™)/107°

A piophobic a(17) could explain KTeV measurement of I'(7° — ete™),

which 1s ~ 15% higher than SM expectation ( ~ 2 — 30 discrepancy)

with 0, ‘

KTeV

(—0.6 + 0.2)
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Additional experimental constraints on a(17)
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Potential channels for
exclusion and/or discovery
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Signals that are NOT predicted by a(17) hypothesis

a(17) 1s not emitted 1n transitions/capture reactions with electric multipolarity
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Signals that are NOT predicted by a(17) hypothesis

a(17) emission 1s suppressed 1n 1sovector magnetic transitions

No Bremsstrahlung radiation

Suppressed isovector M1 transitions
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Signals that are NOT predicted by a(17) hypothesis

™ = va decay 1s forbidden

NA48/2 limits not relevant to a(17) parameter space

a(17) — v is highly suppressed
No 17 MeV 77 resonance expected

No contribution to 4(g-2),

Only (g — 2), relevance to that I could conceive of 1s
if the GeV-scale PQ sector affected the extraction of
o(ee™ = y* — hadrons) below \/E =1 GeV

(a few % change could reconcile the observation and SM prediction of (g — 2) )
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a(17) electronic couplings

Dark-photon searches will also probe a(17) through analogous productions processes

PADME, Belle 11

NA64, DarklLight, HPS, MAGIX, ...
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a(17) signals 1n Kaon decays

"Standard" axionic Kaon decays

Kt —rta, Kpg = na, K" = (tva, K" = 7%, K; — mra, Kp(— a*) — eTe

Most promising channels with Br ~ 107% — 107

26



a(17) signals 1n Kaon decays

"Standard" axionic Kaon decays

Kt —rta, Kpg = na, K" = (tva, K" = 7%, K; — mra, Kp(— a*) — eTe

Most promising channels with Br ~ 107% — 107
ut LT

-
-
-
-
]
-
-
-
-
-

-

"Exotic" multi-axionic Kaon decays
(Hostert and Pospelov, arXi1v:2012.02142)

n @ B(Ksp — aa)
5 B(K; — naa) ~ 7 x 107"
2.6 x 107" for Kg, 5
~ + + ) ~ —
72x 10719 for K. B(K™ — 7"aa) ~ 1.7 x 10
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a(17) signals in # and 1’ decays

Di-electronic decay widths of 7, 7" (which have not yet been
observed) can be substantially modified by a-# and a-#" mixing
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Dashed lines assume that axionic and SM contributions to ete-

decay amplitude are comparable
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a(17) signals 1in # and n’ decays
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Estimated 1n the framework of Resonance Chiral Theory (RxT), a “UV completion” of yPT which
incorporates the low-lying QCD resonances and extends the principle of vector meson dominance

Ecker et al., NPB 321 (1989)

In the large N. limit, the R ¥'T couplings
are expected to satisty:

cql = || =1 and cgcp >0

Pich, hep-ph/0205030

Large variation 1n the estimated branching
ratios due to destructive interference between
quartic and resonance exchange amplitudes

Nonetheless, within reach of future
n-factories (JLab, REDTOP)
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a(17) signals in exotic 7 decays

e—l_
a / e
+
’ S S )
7NEEEEPEREEE NCECTTPTIERRSD _
~~~~~~ e
.. /
a - R
= € ~ X Y A
: 7 RN T = 7
- n ;
4 s il o ?-\\ B -
€ /.// \\ L
) ; L # L
Br |:7T —> 3 a(17)i| ~ 10_ F1G. 1. Photograph of a typical double internal conversion.

Samios et al., Phys. Rev. 126, 1844 (1962)
(Hostert and Pospelov, arXiv:2012.02142)

Factor of ~30 higher than the pion double-Dalitz decay, z° — 2 (y* — ete™),
measured 1n 1962 1n bubble chamber pictures, with a sample of 8 million neutral pions.

Unclear whether this 1s definitively excluded, but could be searched for in dedicated analysis of

experiments with large z° samples (from K, 7, ¢ decays; 7z~ capture; neutrino experiments; etc)
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a(17) contributions to (g — 2),

Alves, Weiner, JHEP 07, 092 (2018)
Liu et al., JHEP 05, 138 (2021)

! JUIN
always negative and
e  proportional to |QF?|? — 100, g2
a’ % 0.50 ‘\
SIS
0.10{ %
0,05/
Y
, . P P o) D V2
\ sign proportional to Qe” X Gayy = Qo X Our + = Oany o Oun.
N a A7t 3 3
AN /
\/

For the range of a(17) 1soscalar couplings favored by the 8Be and 4He anomalies,

these two contributions are comparable and can significantly interfere
31
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Current experimental range
for (g — 2), 1s ambiguous

a(17) contributions to (g — 2),

a 1]
|

I Be;

Parker et

heasurement from

rkeley group (20)
al., Science 13, 191 (2018)

a measurement from

| ® | Paris group (20)
Morel et al., Nature 588, 61 (2020)
—-1.5 —1.0 05 00 05 10 15

A(g o 2)6/
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a(17) contributions to (g — 2),

a measurement from
: I o :
Current experimental range Be]rkeley, group (20)
. . Parker et|al., Science 13, 191 (2018)
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Morel et al., Nature 588, 61 (2020)
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a(17) contributions to (g — 2),

a measurement from

. | C |
Current experimental range Betkeley group (20)
Parker et|al., Science 13, 191 (2018)

for (g — 2), 1s ambiguous a measurement from

| | .
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Morel et al., Nature 588, 61 (2020)
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Take away

a(17)
The QCD axion interpretation of the X47 boson offers a highly-motivated,
compatible explanation for the 8Be, “He, and KTeV anomalies

It also naturally explains the absence of excesses 1n electric and 1sovector magnetic
transitions of nuclear de-excitations and radiative capture reactions

Its predicts a variety of other testable signals 1n searches for visibly decaying dark photons,
and 1n rare meson decays that can be probed 1n upcoming meson factories
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With low PQ breaking scale fpq ~ O(GeV), the most natural parametrization of axion couplings 1s:

Lposm D (mu e! 9PQ “/fa) uu + (md el 4pa a/fa) dd® + (mS et #a a/f“) ss°©

It follows from LO yPT: 0
H
d
0 (mu qg@ _mquQ) fw % (mu _md) fw (mu,d>f7r
aw  ~ T T O o
(mu md) fa 2 (mu md) fa s fa
NS N /
N\ VA
O(107?) x (QZQ md> O(107) x ¢&, = ¢, S107°
dpq M .
—- accidental cancellation if deq _

d
dpq

Indeed, using exact expression for O.x|i0 and plugging 1n m, /mgs = 0.485 £ 0.027

Fodor et al., PRL 117 (2016
url prro = (<0.02£3)x 1078

Compatible with the required level of piophobia and with the range that explains the KTeV anomaly




» The axion must be have isoscalar couplings 0,,,, 04, ~ O(10~* —107?)

In the 80’s, these mixing angles were estimated at LO 1n yPT, and, due to their contribution

to K™— mta, it was argued that the QCD axion with m, > few MeV was excluded

Antoniadis & Truong, PLB 109 (1982)
Bardeen, Peccel, Yanagida, NPB 279 (1987)

However, LO yPT estimates of 0.5, 04y are unreliable: these angles receive O(1) contributions from
operators at O(p4) 1n the chiral expansion (some of which have poorly determined/unknown LECs)

L0 5 L Tr [ (2BM,)U — U 2BM,)']* + i Xy F % Tr [ (2BM,) U — Ut (2BM,)!]
+ LsTr [0*(2BM,U)8,U' U + h.c.] + LsTr[(2BM,) U (2BM,) U + h.c.]
+ Lig Tr [UO*U | Tr [9,(UT (2BM,)" — (2BM,) U) |
+ i Lo % Te [Ut (2BM,) Ut (2BM,)' — (2BM,) U (2BM,) U

+ @L%% (Te [0 2BM,)1]* = T [2BM,) U ) + .

These introduce large uncertainties in the determination of the axion 1soscalar couplings,
e.g., Oan,, = (—2 £ 3) X 10
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» The axion must be have isoscalar couplings 0,,,, 04, ~ O(10~* —107?)

We therefore treat the axion 1soscalar mixing angles as phenomenological parameters of the
physical axion current (1.€., the mass eigenstate):

Ju™" = fa Ouaphys = ;- (fr 0 + Oar TS5+ Oan TD + Oun, T )
T — dvy,vsd
‘]5(2) _ Uy, ysu : Y Y5 = 0,u773 |
‘]5(,ud) = Sk 9 TS = f T aﬁbnuda
s) _ SYusS B
J5(Iu) — \’u/§ — fﬂ- a,uns .

The d.o.t.’s a, 73, 1,4, s Mix amongst themselves to yield the mass eigenstates appys, . n, n'
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Axionic Kaon decays follow from SM amplitudes weighted by axion-meson mixing angles

Y = 7-‘-07 Nud 5y 1]s




Subtlety: octet enhancement

In the SM, there are large disparities between the hadronic widths of different Kaon states,

€& D+ ~O(107%) eV Mg, ~O(107°)eV
..... o L T
KT o™ KQ oo o
! / I
. 58(AS:1)
s

In yPT, these disparities are parametrized as: ~ 31.2

o7/

This effect will similarly appear in axionic Kaon decays:
some amplitudes will be octet enhanced
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Additional ambiguity:

Octet enhancement can 1n principle be implemented in yPT with two distinct octet operators,

OéASzl) — fﬁ Tr()\ds 0, U 8“U‘L) h.c.

O(p2) standard implementation
or
I (AS=1 -
O, A= = A_g Tr(Ags 2BoM] (a) UT) Tx(9,U 0*UT) + hec.
O(p*)

has also been considered
Gerard & Weyers, PLB 503 (2001)
Crewther & Tunstall, PRD 91 (2015)

Enhancement of either gg or gé provides equally good phenomenological fit to data

However, these two different possibilities yield different
predictions for axio-hadronic Kaon decay rates
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Axionic Kaon decay predictions via enhancement of ¢gg (standard implementation)

|Ga, | |Ga, |

1072 10~ 1073 1072 1073 10~ 1073 1072
[ ‘ Cor ‘ ““““ ! ““““ ! T T T T T

- sign[ay,,) = sign[fan, ]
L gs— 0

Dashed lines show the branching ratio benchmark of 10~° for a// decay channels
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| Hanud

Axionic Kaon decay predictions via enhancement of gé (alternative implementation)

| Hans | | Hans |

1074

107>

Dashed lines show the branching ratio benchmark of 10~° for a// decay channels
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New hadronic states at the GeV scale

Since PQ symmetry 1s broken at the GeV scale, new states are needed:

oy = 2 Gy = 1
| |
Yu (I)u UL Yd (I)d dd” Ye (I)e ee” V((I)u , (I)d ) (I)e)

PQ charges and PQ breaking are enforced via potential:

fu | qu qg)cf}l nPQ

P = (\/§ l \/§> Expi(qu E " tanfpq fa)

fd Spd) - ( o, d P UPQ)
| Exp1 d v tan — =
(ﬂ V2 PE\ Tra fa Irg taNPra fa

O,

tanfeq = fu/fa 2= (g2 f2 + (g2a)* f2
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New hadronic states at the GeV scale

4 new d.o.f. at GeV scale

a
éﬁ (I Spdj et UPQJ
g -
scalars pseudoscalars

(must be EW singlets, and therefore couple to fermions via higher dimensional operators)

Du s Pd couple hadronically and could 1n principle have not been
1dentified if lying 1n the mass range of ~ 500 MeV — 2 GeV

" backgrounds from #7(1295) / n(1405) / n(1475)

"lpq could hide in 1300 — 1500 MeV mass range < more dramatically, it could be identified with
\;1(1295) / n(1405) / n(1475) 1f broad enough
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Completion at the weak scale

yr P ff° isahigher dimensional operator

 Heavy scalar doublets:

- ay
‘‘‘‘‘
- L
= L
- L
= L}
L
- ~
- ~
-

Can be generated by introducing:

e Heavy vectorlike fermions:
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