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Strong CP problem
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» Strong CP problem is a puzzle of the SM: Lo Guuéw |0| 5 10~10
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» 0 promoted to a dynamical field: 0 — jT
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» QCD potential relaxed dynamically to zero:
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QCD Axion and ALPs

» The QCD axion is the pseudo-Goldstone o. a
S

boson of a Peccei-Quinn (PQ) U(1) QU(3)2 x U(1)p — Ly = Gé
symmetry anomalously broken by QCD: ( )QCD L) ° ¢ 4T fa
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» QCD potential relaxes dynamically to zero
and induces an axion mass:

QN

Axion-like particles (ALPs) are a generalization of the axion
with uncorrelated mass m, and effective scale f,
thus not providing any solution to the Strong CP problem.



Axion couplings to quarks

» Axion couplings to quarks are allowed by o,a

the SM symmetries: Za 2 2fa
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Axion couplings to quarks

» Axion couplings to quarks are allowed by o,a
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Axion couplings to quarks/hadrons

> Axion couplings to quarks are allowed by o,a

_ _ Qs a4 _ ~
the SM symmetries: Za D 21, (@v"kv g+ qv"vskaq) + CGGE EGG

T
where at low energies q = (u d 8)




Axion couplings to quarks/hadrons

» Axion couplings to quarks are allowed by o,a

_ _ Qs a4 _ ~
the SM symmetries: Za D 21, (@v"kv g+ qv"vskaq) + CGGE EGG

T
where at low energies q = (u d s)

» Chiral perturbation theory (ChPT) is an effective
description of hadronic degrees of freedom based
solely on the QCD global symmetries:

P = %02 (Tr D, U(D*U)t + 2BoTr(MqU + UTMJ))




Axion couplings to quarks/hadrons

» Axion couplings to quarks are allowed by o,a

_ _ Qs a4 _ ~
the SM symmetries: 21, (@"kv a+ qv"vskaq) + cea— -GG

4m fa

T
where at low energies q = (u d s)

» Chiral perturbation theory (ChPT) is an effective
description of hadronic degrees of freedom based
solely on the QCD global symmetries:

2
L = 11—0 (Tr D,U(D*U) + 2By Tr (MqU + UTM;))
» Following Georgi, Kaplan & Randall (PLB, 1986):

.0,a (3 =
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K™ - m™a decay
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K™ - m™a decay

Strong contribution

% = FI(? (T DLU(D*U)! + 2B Tr (W,U + U] ) )

» The decay is mediated by the (vectorial) axion-down-
strange coupling:

Kt ----- . < (ky)23
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K™ - m™a decay

Strong contribution

&, = Ijl ) (Tx DLU(D V)" +2Bo Tx (N1,U + UL} ) )

» The decay is mediated by the (vectorial) axion-down-
strange coupling:

Kt ----- . X (ky)23

Weak contribution

4G
L = _TF(VCKM)H(VCKM)IZ 98 (Ly LM) + h.c.

» The decay is mediated by weak interactions and it is
suppressed by the Fermi constant:

at
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K™ - m™a decay

Strong contribution Weak contribution

F? . R f ot _ 4GF . 11132

%, = =0 (Tr DLU(D*U)! + 2By Tr (M U + UML) ) L = = (Verm)ir (Vera)i2 gs (LuL#)* + he.
4 g V2
» The decay is mediated by the (vectorial) axion-down- » The decay is mediated by weak interactions and it is
strange coupling: suppressed by the Fermi constant:
Tt o+
7/ d ’ + +
’ % t--e - -m--
K* ===~ . x (fey )23 KT -mm- ot . ' "
AN “a a
a

Unless (ky),3 < 0(1077), the weak contribution is
completely negligible compared to the strong one.
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K™ - m7a at NA62

If the axion decays invisible, the experimental signature of such decay is the
same of the K™ — m*vv decay whose search is performed at NA62.
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K™ - m7a at NA62

If the axion decays invisible, the experimental signature of such decay is the
same of the K™ — m*vv decay whose search is performed at NA62.
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2021-2022 data from [NA62 coll., arXiv:2412.12015]

The question is: can we get a bound on the axion couplings
from the NA62 data available to us?
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Reinterpretation of NA62 public data

To do so, we perform an unbinned profile likelihood ratio test statistic, based solely on public data,
following the same procedure used in the past by the collaboration itself (see [NA62 coll., arXiv:2011.11329]).

Nobe Nobs off
[ = (ntot) e Mot % H |: » gb(m2- ) + na ga(m?niss,j)] X (Tnb)l e
Ntot Ntot Noff:
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Reinterpretation of NA62 public data

To do so, we perform an unbinned profile likelihood ratio test statistic, based solely on public data,
following the same procedure used in the past by the collaboration itself (see [NA62 coll., arXiv:2011.11329]).

_ (ntOt)nObs —n T N 2 Nq 2 (Tnb)n()ff —Tng
L= e et X H ntotgb(mmiss,j) + ntotga(mmiss,j) X No! €

» First term: Poisson distribution for the number of expected events n;,; = n, + n,, given by the
sum of background events (including di-neutrinos with SM BR assumed) n; and axion mediated
events n,.
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Reinterpretation of NA62 public data

To do so, we perform an unbinned profile likelihood ratio test statistic, based solely on public data,
following the same procedure used in the past by the collaboration itself (see [NA62 coll., arXiv:2011.11329]).

_ (ntOt)nObs —n T Np 2 Ngq 2 (Tnb)n()ff —Tng
L= . e et X H ntotgb(mmiss,j)+ ntotga(mmiss,j) X No! €

» First term: Poisson distribution for the number of expected events n;,; = n, + n,, given by the

sum of background events (including di-neutrinos with SM BR assumed) n; and axion mediated
events n,.

» Second term: multinomial distribution where:

Q g,(m?) is a normalized pdf digitized from public plot of [NA62 coll., arXiv: 2412.12015].
Q g,(m?) is a Gaussian centered at axion mass value with uncertainty given by the
experimental invariant mass resolution taken from [NA62 coll., arXiv:2011.11329].
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Reinterpretation of NA62 public data

To do so, we perform an unbinned profile likelihood ratio test statistic, based solely on public data,
following the same procedure used in the past by the collaboration itself (see [NA62 coll., arXiv:2011.11329]).

Nobs Mobs Noff
L= (ntot) e "ot [ { 2 gy(m2es ;) + —2ga(m? )] o (T

miss, 7 miss, j
Ntot . Ntot . Noff!

» First term: Poisson distribution for the number of expected events n;,; = n, + n,, given by the
sum of background events (including di-neutrinos with SM BR assumed) n; and axion mediated
events n,.

» Second term: multinomial distribution where:

Q g,(m?) is a normalized pdf digitized from public plot of [NA62 coll., arXiv: 2412.12015].
Q g,(m?) is a Gaussian centered at axion mass value with uncertainty given by the
experimental invariant mass resolution taken from [NA62 coll., arXiv:2011.11329].

: Poisson-like distribution constraining the number of backgrounds events from mean
value y; and uncertainty o}, estimated from NA62 with:

T = /0y, and nog = (up/0p) 19



Bound on axions from NA62 public data

5
Minimizing x%(ny,ne) = —2logL, and demanding ﬁ mg =0
Ax? = x? — x2:, = x?(90%, 2 dof) we obtain a limit on 4
B(K* — w%a) as a function of m,.
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Bound on axions from NA62 public data

5
Minimizing x%(ny,ne) = —2logL, and demanding | ma =0
Ax? = x? — x2:, = x?(90%, 2 dof) we obtain a limit on 4
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Bound on axions from NA62 public data

Minimizing x?(ny,ne) = —2logL, and demanding
Ax? = x? — x2:, = x?(90%, 2 dof) we obtain a limit on
B(K* — w%a) as a function of m,.

» The number of axion mediated events is related to the
K* - 7" a branching ratio (BR) trough the single event
sensitivity (SES):

B(KT — n7a) = n, x Bsgs

> Bsgs = Bsrs(mg) is taken from [NA62 coll.,
arXiv:2011.11329] for the 2017 data and rescaled
according to by a factor equal to the ratio of the

K* - ntvv SESs
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B(KT — mta) < 2.8 x 107! at 90% C.L.
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Bound on axions from NA62 public data

Minimizing x?(ny,ne) = —2logL, and demanding
Ax? = x? — x2:, = x?(90%, 2 dof) we obtain a limit on
B(K* — w%a) as a function of m,.

» The number of axion mediated events is related to the
K* - 7" a branching ratio (BR) trough the single event
sensitivity (SES):

B(KT — n7a) = n, x Bsgs

> Bsgs = Bsrs(mg) is taken from [NA62 coll.,
arXiv:2011.11329] for the 2017 data and rescaled
according to by a factor equal to the ratio of the

K* - ntvv SESs

BK* -t a) [10711]
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Bound on axion-down-strange coupling

The current bound for a massless axion reads 3'0_ T . T / T | |
[Camalich et al., arxiv:2002.04623]: — 55 Reglond Region2
% z ;
2 B
(Fo)as = 2% > 68 x 101" GeV at 0% CL. o 20
(kv )23 =
— 1.5}
Atm, = 0 we get :Nﬂ 1_0/\%\
- i :
= 0.5+ :
(Fv)a23 > 1.1 x 10" GeV at 90% C.L. : _
00 50 100 150 200 250

~ ] /
A factor of ~2 of improvement. m, [MeV/ CZ]

24



Conclusions

Meson decays with missing energy are a powerful probe of
the QCD axion in a controlled environment.

> In this talk we present a reinterpretation of the K+ — m¥vv search at NA62 to constraint the K* —» m*a decay:

B(KT — mta) < 2.8 x 107! at 90% C.L.

» In terms of couplings, we get:

(Fy)es > 1.1 X 10*2 GeV at 90% C.L.

> A similar study of K* = mtm%vv would allow to constraint also (k4),3 coupling.
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Crosschecks with NA62

2017 dataset 2016-18 dataset
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FIG. 3: Upper limit on B(K+ — wta) from the 2017 [40] and 2016-18 [38] datasets. The solid red line is the
published result of NA62 collaboration. The gray dashed line shows the corresponding value of 6B, for comparison.

[NA62 coll., arXiv:2011.11329] [NA62 coll., arXiv:2103.15389]
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Figure 8: Left: Expected and observed number of events as a function of the reconstructed
m?2. . for the 2018 data set. Right: Upper limits on BR(KT — 7w+ X) for each tested mx

miss

hypothesis, as obtained for the full 20162018 data set.

[NAG62 coll., arXiv:2103.15389]
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Bound on axion effective scale

Assuming instead no flavour violating axion
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