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- ‘Charming ALPs’ AC, Scherb, Schwaller. JHEP 08 (2021) 121, arXiv: 2101.0783

BASED ON

- ‘The ALPs from the Top: Searching for long-lived axion-like particles from exotic top 
decays’ AC, Elahi, Scherb, Schwaller. JHEP 07 (2022) 122, arXiv: 2202.0973
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- A couple of upcoming papers of AC, Elahi, Scherb, Schwaller (stay tuned!)



INTRODUCTION



NATURALLY LIGHT SCALARS
The scale of new physics seems to be rather heavy

A natural way of obtaining light scalar degrees of freedom is 
through the Goldstone theorem
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NATURALLY LIGHT SCALARS
QCD gives us a beautiful example
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ALPS
Axion-like particles (ALPs) are pseudo-Nambu-Goldstone bosons (pNGBs) of a 
spontaneously broken global symmetry

One typically assumes that CP is a good symmetry and that the ALP is CP-odd
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A QCD-LIKE DARK SECTOR



A QCD-LIKE DARK SECTOR Schwaller, Bai, ‘14
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SM Dark QCD

confinement dark confinement
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The SM couplings are fixed by the quantum numbers of , bifundamental of both 
strong gauge groups

χ
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A QCD-LIKE DARK SECTOR Schwaller, Bai, ‘14

When  by   
delivering 8 pNGB

mQ → 0, mχ → ∞, SU(3)DL ⊗ SU(3)RD → SU(3)DV ⟨Q̄αQβ⟩ ∼ δαβΛ3
DQCD
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A QCD-LIKE DARK SECTOR Schwaller, Bai, ‘14

Depending of the quantum numbers of the heavy scalar we can have different low 
energy EFTs

Schwaller, Renner ‘18

AC, Scherb, Schwaller ‘21
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A QCD-LIKE DARK SECTOR Schwaller, Bai, ‘14
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One motivation for these sectors is to get ΛdQCD = 𝒪(few)ΛQCD

This fits well with asymmetric DM

ΩDM/ΩB ≈ 5

DM could also be made of dark 
pions which are stable (see later)



CHARMING ALPS



ALP + SM EFT
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ALP EFT above the electroweak scale
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We assume the following EFT at the UV    CHARMING ALPS
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We assume the following EFT at the UV    CHARMING ALPS
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ONE NEEDS TO RUN Choi et al, 1708.00021 
Chala et al, 2012.09017 
Bauer et al, 2012.12272

Even if some Wilson coefficients are zero at the UV 
they will be generated via the RGEs. For instance

cqL
=

YucuR
Yu

32π2
ln ( ΛNP

μ2 ), cH =
3

8π2
Tr (YucuR

Yu) ln ( ΛNP

μ2 )
where

(𝒪qL)ij
=

∂μa
ΛNP

(q̄LiγμqLj), 𝒪H =
∂μa
ΛNP

(H†iDμH)

Top couplings will make a difference!

18



CHARMING ALPS

a = πD3, (cuR)33 = 0 a = πD8, (cuR)33 ≠ 0 19



ALPS PHENOMELOGY
Flavor probes will compete or be complemented by astrophysical or cosmological 
bounds as well as by collider or fixed target experiments
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‘Charming ALPs’ AC, Scherb, Schwaller. JHEP 08 
(2021) 121, arXiv: 2101.0783

‘The ALPs from the Top: Searching for long-lived 
axion-like particles from exotic top decays’ AC, 
Elahi, Scherb, Schwaller. arXiv: 2202.0973



FLAVOR PROBES OF ALPS
 F=2 Neutral meson mixingΔ

 F=1 Rare meson decayΔ
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FLAVOR BOUNDS
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-   recasted with  for                  CLEO 0806.2112D+ → (τ+ → π+ν)ν̄ M2
miss D+ → π+a

FLAVOR BOUNDS

-   recasted with  for   BaBar 1303.7465B+ → K+ν̄ν, B0 → K0ν̄ν sB = k2/m2
B B → Ka

-   recasted with  for                           BaBar  hep-ex/0411061B+ → π+ν̄ν ⃗pπ
2 B → πa

-   for                                                                         NA62   2011.11329K+ → π+a ma > 0

-   expected at Belle II with  and  at NA62B± → K±ν̄ν 50 ab−1 K± → π±ν̄ν

- Recasts done with the CLs method
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ASTRO & COSMO BOUNDS
Red Giant bursts 

ℒ ⊃ iagaℓℓ(ℓ̄γ5ℓ), gaℓℓ =
3me

8πv2fa
ln ( f2

a

m2
t )

3

∑
i=1

(ℳu)ii (cuR)ii

SN1987a

La ≤ Lν = 3 ⋅ 1052 erg/s N + N → N + N + a
capp = (cuR

)11(0.75 ± 0.03)

cann = (cuR
)11(−0.51 ± 0.03)

  , distorsion of CMB, BBN, …Neff
Cadamuro, Redondo ‘12 
Millea, Knox ‘15 
Depta et al ‘20

Most of the bounds derived assumed only couplings to photons but they can still be recasted
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Bremsstrahlung



COLLIDER AND FIXED TARGET EXPERIMEMTS
Fixed target experiments: NA62, SHiP, CHARM

Na = ND ⋅ Br(D → πa) ⋅ εgeom ⋅ Fdecay

LHC forward detectors: FASER, FASER II, MATUSHLA
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CHARMING ALPS PARAMETER SPACE a = πD3
, (cuR

)33 = 0
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CHARMING ALPS PARAMETER SPACE a = πD3
, (cuR

)33 = 0
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CHARMING ALPS PARAMETER SPACE a = πD8
, (cuR

)33 ≠ 0
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Probe charming ALPs above charm threshold

ALPS FROM THE TOP

We trade diagonal and off-diagonal (equal) entries of  by  and cuR
Br(t → aqi) cτ
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‘The ALPs from the Top: Searching for long-lived 
axion-like particles from exotic top decays’ AC, 
Elahi, Scherb, Schwaller. arXiv: 2202.0973



ALPS FROM THE TOPS: CONSTRAINTS
We recast searches from exotic top decays (single top and single top + jets)
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ALPS FROM THE TOPS: CONSTRAINTS
We recast searches from exotic top decays (single top and single top + jets)

PROMPT LONG-LIVED ‘STABLE’

∫
10−4 m

0
(γcτ)−1 exp (−

ct
γcτ ) d(ct) ∫

2 m

2.5⋅10−2 m
(γcτ)−1 exp (−

ct
γcτ ) d(ct) exp (−

10 m
γcτ )
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SIGNAL
We consider two benchmarks with ALP masses

ma = 2 GeV, ma = 10 GeV

σsignal = σtt ⋅ Br(t → Wb) ⋅ Br(t → aq)

(cuR
)ij = 𝒪(1), fa = 𝒪(105 − 109) GeV ⇒ cτ ∼ 1 mm − 100 m

while having Br(t → aq) ≲ 10−3
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SIGNAL : HADRONIC CALORIMETER

Large Ehad/Ecal ratio

No tracks in the displaced jet

3-5(6) jets with 1(2) displaced 
and another b-tagged
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SIGNAL : MUON SPECTROMETER
Event in the muon system

No associated track pointing to the 
primary vertex

2-4(5) jets 

Signal is background free
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RESULTS
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DARK MATTER AS DARK PIONS AC, Elahi, Scherb, Schwaller (upcoming!)
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However the 2-2 processes are more efficient then the 3-2 processes and the relic 
abundance is dominated by the former

If  then we will have stable dark pionsnf ≥ 4

Since  we will have also a WZW termnf ≥ 3

ℒ(5)
SI =

2Nd

15π2f 5
D

ϵμνρσ ∑
a<b<c<d<e

πa∂μπb∂νπc∂ρπd∂σπeTabcde
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VERY PRELIMINARY!
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CONCLUSIONS



- ALPs are ubiquitous in beyond the SM physics

CONCLUSIONS

- They can be probed by very different and complementary experiments

- Interesting models of Dark Matter and/or Flavor can lead to ALP mediated FCNC

- A direct measurement of  can provide a complementary test of 
charming ALPS

D → πa

- Exotic top decays provide a unique way of probing ALPs above the charm 
threshold

- We can probe  and there is room for improvement!Br(t → aq) ≲ 10−4



BACK UP



SN1986A



SN1986A



- Bounds can be directly applied when the decay to electron pairs dominate

COSMO BOUNDS

- When the decay to pair of muons dominate, the limits are conservative since 
muon decays also heat the neutrino bath, reducing the impact of Neff

- When  dominates, bounds from  overproduction (the dominant 
bound in this region) still holds, since only a minimal amount of charged pions 
is enough for this bound to apply

a → 3π 4He

- For even larger masses, ALP decays into hadrons will eventually make its 
lifetime shorter than a second, making nucleosynthesis constraints harmless



ALPS FROM THE TOPS: CONSTRAINTS
We recast searches from exotic top decays (single top and single top + jets)

47



FIXED TARGET EXPERIMENTS



RESULTS

49

10-7 10-5 0.001 0.100

0.01

0.10

1

10

100

Br(t � a q)

c�
A

L
P
[m

]

10
-9

10
-7

10
-5 0.001 0.100

0.01

0.10

1

10

100

Br(t ! aq)
<latexit sha1_base64="F4qbAnTX+2z0gYEvSKhdAnGzM+k=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkpSC3osevFYwX5AE8pmu2mXbjZxdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyR0WJJLRNIh7Jno8V5UzQNjDgtBdLikOf064/uZ373ScqFYvEA8xi6oV4JFjACAYtDcyyC3QK6Y3MquBCZOHHi4FZsWv2AtY6cXJSQTlaA/PLHUYkCakAwrFSfceOwUuxBEY4zUpuomiMyQSPaF9TgUOqvHRxe2ada2VoBZHUJcBaqL8nUhwqNQt93RliGKtVby7+5/UTCK69lIk4ASrIclGQcEs/OQ/CGjJJCfCZJphIpm+1yBhLTEDHVdIhOKsvr5NOveZc1ur3jUqzkcdRRKfoDFWRg65QE92hFmojgqboGb2iNyMzXox342PZWjDymRP0B8bnD5dblBg=</latexit>

0.000 0.002 0.004 0.006 0.008 0.010

5.×10-10

1.×10-9

5.×10-9

1.×10-8

5.×10-8

0.000 0.002 0.004 0.006 0.008

1.×10-8

5.×10-8

1.×10-7

5.×10-7

1.×10-6

0.000 0.002 0.004 0.006 0.008

1.×10-8

5.×10-8

1.×10-7

5.×10-7

1.×10-6

0.000 0.002 0.004 0.006 0.008

1.×10-8

5.×10-8

1.×10-7

5.×10-7

1.×10-6

10
-6

10
-5

10
-4 0.001 0.010

5.×10-10

1.×10-9

5.×10-9

1.×10-8

5.×10-8

H
a
d
,
3
5
0
fb

�
1 (
2
�
)

<latexit sha1_base64="jJNGo+GNkzSKHyF+SagaypJj5sc="></latexit>

H
a
d
,
3
5
0
fb

�
1 (
1
0
e
v
e
n
t
s
)

<latexit sha1_base64="KtaC7yZHWMkWFhzteTIrm8y39Vk="></latexit>

H
a
d
,
4
a
b
�
1 (
1
0
e
v
e
n
t
s
)

<latexit sha1_base64="ESu8wMgODFFaIYPJamC8RUXFz0Y="></latexit>M
uo
n,

4
ab

�
1 (
10

ev
en
ts
)

<latexit sha1_base64="GpEj5/lyIHMTW4+tvbts7jW/sR8="></latexit>

Muon, 350 fb �1
(10 events)

<latexit sha1_base64="yiRjwk2jo15xTa6VndV3Rk7hSJQ="></latexit>

0.0000.0020.0040.0060.008

1.×10-8

5.×10-8

1.×10-7

5.×10-7

1.×10-6

10-7 10-5 0.001 0.100

0.01

0.10

1

10

100

Br(t� a q)

c�
A
L
P
[m

]

10-7 10-5 0.001 0.100

0.01

0.10

1

10

100

Br(t� a q)

c
� A
L
P
[m

]

ma = 2 GeV
<latexit sha1_base64="rEQCL8NfZAhsQ1OHu6JHSKCFZ+I=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5iJgl6EgAc9RjALZELo6VSSJj0L3TViHIK/4sWDIl79D2/+jZ1kDpr4oODxXhVV9fxYCo2O823llpZXVtfy64WNza3tHXt3r66jRHGo8UhGqukzDVKEUEOBEpqxAhb4Ehr+8GriN+5BaRGFdziKoR2wfih6gjM0Usc+CDqMXtIy9aiH8IDpNdTHHbvolJwp6CJxM1IkGaod+8vrRjwJIEQumdYt14mxnTKFgksYF7xEQ8z4kPWhZWjIAtDtdHr9mB4bpUt7kTIVIp2qvydSFmg9CnzTGTAc6HlvIv7ntRLsXbRTEcYJQshni3qJpBjRSRS0KxRwlCNDGFfC3Er5gCnG0QRWMCG48y8vknq55J6WyrdnxUopiyNPDskROSEuOScVckOqpEY4eSTP5JW8WU/Wi/Vufcxac1Y2s0/+wPr8AZIfk/Y=</latexit>

tu
a

<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>

tu
a

<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>

tc
a

<latexit sha1_base64="9rQ1hb2O/5VpDj0uSlQJHO3gY4I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eYSxfKwUnVrbg6yTryCVKFAa1j5GoxCGkumLBVoTN9zI+snqC2ngi3Kg9iwCOkMJ6yfUoWSGT/Jb12Qy1QZkXGo01KW5OrviQSlMXMZpJ0S7dSsepn4n9eP7fjWT7iKYssUXS4ax4LYkGSPkxHXjFoxTwlSzdNbCZ2iRmrTeLIQvNWX10mnXvOua/WHRrXZKOIowTlcwBV4cANNuIcWtIHCFJ7hFd4c6bw4787HsnXDKWbO4A+czx+GzI3a</latexit>

tc
a

<latexit sha1_base64="9rQ1hb2O/5VpDj0uSlQJHO3gY4I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eYSxfKwUnVrbg6yTryCVKFAa1j5GoxCGkumLBVoTN9zI+snqC2ngi3Kg9iwCOkMJ6yfUoWSGT/Jb12Qy1QZkXGo01KW5OrviQSlMXMZpJ0S7dSsepn4n9eP7fjWT7iKYssUXS4ax4LYkGSPkxHXjFoxTwlSzdNbCZ2iRmrTeLIQvNWX10mnXvOua/WHRrXZKOIowTlcwBV4cANNuIcWtIHCFJ7hFd4c6bw4787HsnXDKWbO4A+czx+GzI3a</latexit>

pp
!

tj
<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>

c⌧
A
L
P
[m

]
<latexit sha1_base64="7n/fsHOO7MTng2j7/i4yEVLXXuw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpBV1W3LhwUcE+oAlhMp20QycPZm7EEgL+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1+IrgCy/o2Siura+sb5c3K1vbO7p65f9BRcSopa9NYxLLnE8UEj1gbOAjWSyQjoS9Y1x9fT/3uA5OKx9E9TBLmhmQY8YBTAlryzCPqAEm9zAH2CNnVbSvP+6HrmVWrZs2Al4ldkCoq0PLML2cQ0zRkEVBBlOrbVgJuRiRwKlhecVLFEkLHZMj6mkYkZMrNZufn+FQrAxzEUlcEeKb+nshIqNQk9HVnSGCkFr2p+J/XTyG4dDMeJSmwiM4XBanAEONpFnjAJaMgJpoQKrm+FdMRkYSCTqyiQ7AXX14mnXrNPq/V7xrVZqOIo4yO0Qk6Qza6QE10g1qojSjK0DN6RW/Gk/FivBsf89aSUcwcoj8wPn8AugiV7g==</latexit>
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⇤

<latexit sha1_base64="n67yrXK3D5a/PQnOTrPgLPH8k9g="></latexit>
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⇥ G
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1
⇤

<latexit sha1_base64="R3yp3Xah6Op5fqY3GhoiazlIUuo="></latexit>

pp
!

tj
<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>
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(cuR)3q
fa

⇥
GeV�1

⇤

<latexit sha1_base64="n67yrXK3D5a/PQnOTrPgLPH8k9g="></latexit>

Br(t ! aq)
<latexit sha1_base64="F4qbAnTX+2z0gYEvSKhdAnGzM+k=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRahXkpSC3osevFYwX5AE8pmu2mXbjZxdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82POFNj2t1HY2Nza3inulvb2Dw6PzONyR0WJJLRNIh7Jno8V5UzQNjDgtBdLikOf064/uZ373ScqFYvEA8xi6oV4JFjACAYtDcyyC3QK6Y3MquBCZOHHi4FZsWv2AtY6cXJSQTlaA/PLHUYkCakAwrFSfceOwUuxBEY4zUpuomiMyQSPaF9TgUOqvHRxe2ada2VoBZHUJcBaqL8nUhwqNQt93RliGKtVby7+5/UTCK69lIk4ASrIclGQcEs/OQ/CGjJJCfCZJphIpm+1yBhLTEDHVdIhOKsvr5NOveZc1ur3jUqzkcdRRKfoDFWRg65QE92hFmojgqboGb2iNyMzXox342PZWjDymRP0B8bnD5dblBg=</latexit>
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<latexit sha1_base64="jJNGo+GNkzSKHyF+SagaypJj5sc="></latexit>
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<latexit sha1_base64="KtaC7yZHWMkWFhzteTIrm8y39Vk="></latexit>
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<latexit sha1_base64="ESu8wMgODFFaIYPJamC8RUXFz0Y="></latexit>
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<latexit sha1_base64="GpEj5/lyIHMTW4+tvbts7jW/sR8="></latexit>

M
uo
n,

35
0
fb

�
1 (
10

ev
en
ts
)

<latexit sha1_base64="yiRjwk2jo15xTa6VndV3Rk7hSJQ="></latexit>

ma = 10 GeV
<latexit sha1_base64="p61g/pyuyhOeWxz+XKcTGv2ve4c=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQPIXdGNCLEPCgxwjmAdkQZiedZMjsg5leMSwBf8WLB0W8+h3e/BsnyR40saChqOqmu8uPpdDoON9WbmV1bX0jv1nY2t7Z3bP3Dxo6ShSHOo9kpFo+0yBFCHUUKKEVK2CBL6Hpj66nfvMBlBZReI/jGDoBG4SiLzhDI3Xto6DL6BV1HepRD+ER0xtoTLp20Sk5M9Bl4makSDLUuvaX14t4EkCIXDKt264TYydlCgWXMCl4iYaY8REbQNvQkAWgO+ns/Ak9NUqP9iNlKkQ6U39PpCzQehz4pjNgONSL3lT8z2sn2L/spCKME4SQzxf1E0kxotMsaE8o4CjHhjCuhLmV8iFTjKNJrGBCcBdfXiaNcsk9L5XvKsVqJYsjT47JCTkjLrkgVXJLaqROOEnJM3klb9aT9WK9Wx/z1pyVzRySP7A+fwAEn5Q1</latexit>

tu
a

<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>

tu
a

<latexit sha1_base64="JXtybJa+AjqwcakH9NBfof+HjIs=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eZSjOVhperW3BxknXgFqUKB1rDyNRiFNJZMWSrQmL7nRtZPUFtOBVuUB7FhEdIZTlg/pQolM36S37ogl6kyIuNQp6UsydXfEwlKY+YySDsl2qlZ9TLxP68f2/Gtn3AVxZYpulw0jgWxIckeJyOuGbVinhKkmqe3EjpFjdSm8WQheKsvr5NOveZd1+oPjWqzUcRRgnO4gCvw4AaacA8taAOFKTzDK7w50nlx3p2PZeuGU8ycwR84nz+iOI3s</latexit>

tc
a

<latexit sha1_base64="9rQ1hb2O/5VpDj0uSlQJHO3gY4I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eYSxfKwUnVrbg6yTryCVKFAa1j5GoxCGkumLBVoTN9zI+snqC2ngi3Kg9iwCOkMJ6yfUoWSGT/Jb12Qy1QZkXGo01KW5OrviQSlMXMZpJ0S7dSsepn4n9eP7fjWT7iKYssUXS4ax4LYkGSPkxHXjFoxTwlSzdNbCZ2iRmrTeLIQvNWX10mnXvOua/WHRrXZKOIowTlcwBV4cANNuIcWtIHCFJ7hFd4c6bw4787HsnXDKWbO4A+czx+GzI3a</latexit>

tc
a

<latexit sha1_base64="9rQ1hb2O/5VpDj0uSlQJHO3gY4I=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWMF+wFtKJPttl26uwm7G6GE/gUvHhTx6h/y5r8xSXPQ1gcDj/dmmJkXRIIb67rfzsbm1vbObmmvvH9weHRcOTntmDDWlLVpKELdC9AwwRVrW24F60WaoQwE6wazu8zvPjFteKge7TxivsSJ4mNO0eYSxfKwUnVrbg6yTryCVKFAa1j5GoxCGkumLBVoTN9zI+snqC2ngi3Kg9iwCOkMJ6yfUoWSGT/Jb12Qy1QZkXGo01KW5OrviQSlMXMZpJ0S7dSsepn4n9eP7fjWT7iKYssUXS4ax4LYkGSPkxHXjFoxTwlSzdNbCZ2iRmrTeLIQvNWX10mnXvOua/WHRrXZKOIowTlcwBV4cANNuIcWtIHCFJ7hFd4c6bw4787HsnXDKWbO4A+czx+GzI3a</latexit>

pp
!

tj
<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>

c⌧
A
L
P
[m

]
<latexit sha1_base64="7n/fsHOO7MTng2j7/i4yEVLXXuw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpBV1W3LhwUcE+oAlhMp20QycPZm7EEgL+ihsXirj1O9z5N07bLLT1wIXDOfdy7z1+IrgCy/o2Siura+sb5c3K1vbO7p65f9BRcSopa9NYxLLnE8UEj1gbOAjWSyQjoS9Y1x9fT/3uA5OKx9E9TBLmhmQY8YBTAlryzCPqAEm9zAH2CNnVbSvP+6HrmVWrZs2Al4ldkCoq0PLML2cQ0zRkEVBBlOrbVgJuRiRwKlhecVLFEkLHZMj6mkYkZMrNZufn+FQrAxzEUlcEeKb+nshIqNQk9HVnSGCkFr2p+J/XTyG4dDMeJSmwiM4XBanAEONpFnjAJaMgJpoQKrm+FdMRkYSCTqyiQ7AXX14mnXrNPq/V7xrVZqOIo4yO0Qk6Qza6QE10g1qojSjK0DN6RW/Gk/FivBsf89aSUcwcoj8wPn8AugiV7g==</latexit>
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<latexit sha1_base64="R3yp3Xah6Op5fqY3GhoiazlIUuo="></latexit>

pp
!

tj
<latexit sha1_base64="MoebJ3daadQTFHUEUAAmP8BJZcE=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXJdN3dwU3LivYh7RDyaSZNjbJDElGKEO/wo0LRdz6Oe78GzNtBRU9EDiccy+55/gRZ9og9OGsrW9sbm1ndrK7e/sHh7mj444OY0Vom4Q8VD0fa8qZpG3DDKe9SFEsfE67/vQy9bv3VGkWyhszi6gn8FiygBFsrHQbRXBgQmjuhrk8KqBqpVFCEBUqyK01GpYgVK2XitC1JEUerNAa5t4Ho5DEgkpDONa676LIeAlWhhFO59lBrGmEyRSPad9SiQXVXrI4eA7PrTKCQajskwYu1O8bCRZaz4RvJwU2E/3bS8W/vH5sgrqXMBnFhkqy/CiIOUwz2vRwxBQlhs8swUQxeyskE6wwMbajrC3hKyn8n3SKBbdUKF6X883yqo4MOAVn4AK4oAaa4Aq0QBsQIMADeALPjnIenRfndTm65qx2TsAPOG+ftCyQUA==</latexit>

10
-9

10
-7

10
-5 0.001 0.100

0.01

0.10

1

10

100


