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Theory motivation: why GeV-scale ALPs?
ALP = axion-like particle = light pseudo-Nambu-Goldstone boson , 

with interactions to Standard Model particles suppressed by a large scale   

Masses  motivated by many new physics scenarios: 

(1)  Models addressing the strong CP problem 

   Minimal QCD axion needs to be far lighter than GeV… 

   … but many variations exist that produce heavier axions. 

   Key feature is coupling to gluons, other couplings more model dependent
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Introduction: why GeV-scale ALPs?

Masses  motivated by many new physics scenarios: 

(2)  Models addressing hierarchy problem by making Higgs a composite Goldstone: 

   ALP is “sibling” of the Higgs, arising from global symmetry breaking at TeV 

(3)  Models with extra elementary scalars, SUSY hidden sectors, … 

(4)  ALPs as composite mesons from a dark QCD at GeV scale 

   Key feature is (non-universal) coupling to fermions,

ma ∼ ΛQCD ∼ GeV

[Gripaios, Pomarol, Riva, Serra 2009]

[Cheng, Li, Salvioni 2021]
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Example dark sector
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• Dark QCD with confinement scale  

•  light dark quarks     , SM singlets 

•  heavy dark quarks      , with SM electroweak charges
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Ultraviolet motivations

[Graham, Kaplan, Rajendran 2015]

[Cheng, Li, Salvioni, Verhaaren 2018] 
[Burdman, Chacko, Goh, Harnik 2006]
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• Integrate out heavy fermions Q

•  flavors: dark pionsN = 2
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composite ALP composite Higgs-mixed scalar
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⇡̂2

<latexit sha1_base64="+o2Hr9W8ax91T4/y0WHFXk/Qqww=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Vas1ap1/I4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzLGM5w==</latexit>

h

Dark pions

<latexit sha1_base64="ioGPvUzNpusR3DsIvpwnHy/Ct70="></latexit>

LEFT ⇠ ( RY
†M�2Y �µ R) (iH

†
DµH) + ( L

eY †M�2 eY �µ L) (iH
†
DµH)

�  L! R +  L
eY †M�1Y  R|H|2

<latexit sha1_base64="zX+Vzry9qcM2NOgHdHWNySOX8eI="></latexit>

�  L! R +  L
eY †M�1Y  R|H|2

Z portal (dim-6)

Higgs portal (dim-5)

<latexit sha1_base64="Eu9pAM0dkc4uS9xjPnmmKi0QFus=">AAACInicbVDLSgMxFM3UV62vqks3wSK4KjOlvnYFNy4r2FboDMOdNDMNTWaGJCOUod/ixl9x40JRV4IfY6btQlsPBA7nnJvkniDlTGnb/rJKK6tr6xvlzcrW9s7uXnX/oKuSTBLaIQlP5H0AinIW045mmtP7VFIQAae9YHRd+L0HKhVL4js9TqknIIpZyAhoI/nVK3cIOndTNvEBu4oJ7CYmX1xnVMUmmBVyJKDwIxCGnOHC8as1u25PgZeJMyc1NEfbr364g4RkgsaacFCq79ip9nKQmhFOJxU3UzQFMoKI9g2NQVDl5dMVJ/jEKAMcJtKcWOOp+nsiB6HUWAQmKUAP1aJXiP95/UyHl17O4jTTNCazh8KMY53goi88YJISzceGAJHM/BWTIUgg2rRaMSU4iysvk26j7pzXm7fNWqsxr6OMjtAxOkUOukAtdIPaqIMIekTP6BW9WU/Wi/Vufc6iJWs+c4j+wPr+AcMCpFo=</latexit>

⇡̂a ⇠  i�a�5 

5



• Integrate out heavy fermions Q

•  flavors: dark pionsN = 2

<latexit sha1_base64="v02sy4+h+Xhmp+wTu7I/aaT9bVQ=">AAACB3icbVDLSgMxFM3UV62Pjrp0EyyCIJYZKepGKHQjrirYB7TTkkkzbWiSGZKMUIZ+gN/gVtfuxK2f4dI/MdPOwrYeuHA4517O5fgRo0o7zreVW1vf2NzKbxd2dvf2i/bBYVOFscSkgUMWyraPFGFUkIammpF2JAniPiMtf1xL/dYTkYqG4lFPIuJxNBQ0oBhpI/Xt4n0vqdem8BY6veTifNq3S07ZmQGuEjcjJZCh3rd/uoMQx5wIjRlSquM6kfYSJDXFjEwL3ViRCOExGpKOoQJxorxk9vgUnhplAINQmhEaztS/FwniSk24bzY50iO17KXif14n1sGNl1ARxZoIPA8KYgZ1CNMW4IBKgjWbGIKwpOZXiEdIIqxNVwspPk87cZcbWCXNy7J7Va48VErVStZOHhyDE3AGXHANquAO1EEDYBCDF/AK3qxn6936sD7nqzkruzkCC7C+fgGZgphg</latexit>

JPC = 0�+

composite ALP

<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z
<latexit sha1_base64="FShqvcHvZf8AvXd/dWPaE1bbkG8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qtWavUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByamM5Q==</latexit>

f

<latexit sha1_base64="zRS47rRwMO59bX6jXKiyBhQDQuQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2k3bpZhN2N0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0bu53n1BpHstHM0vQj+hY8pAzaqzUHQRUZWE+rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPjZ1QZzgTmlUGqMaFsSsfYt1TSCLWfLc7NyYVVRiSMlS1pyEL9PZHRSOtZFNjOiJqJXvXm4n9ePzXhrZ9xmaQGJVsuClNBTEzmv5MRV8iMmFlCmeL2VsImVFFmbEIVG4K3+vI66VzVvet646FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB4dWj6o=</latexit>

f̄

<latexit sha1_base64="7HM95HVaeBxJpYmlT4kcc7MchGc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkWtRjwYvHCvYDmhA22227dLMJuxuhhvwSLx4U8epP8ea/cdvmoK0PBh7vzTAzL0w4U9pxvq3S2vrG5lZ5u7Kzu7dftQ8OOypOJaFtEvNY9kKsKGeCtjXTnPYSSXEUctoNJ7czv/tIpWKxeNDThPoRHgk2ZARrIwV21RtjnXkJy4PMPb/MA7vm1J050CpxC1KDAq3A/vIGMUkjKjThWKm+6yTaz7DUjHCaV7xU0QSTCR7RvqECR1T52fzwHJ0aZYCGsTQlNJqrvycyHCk1jULTGWE9VsveTPzP66d6eONnTCSppoIsFg1TjnSMZimgAZOUaD41BBPJzK2IjLHERJusKiYEd/nlVdK5qLtX9cZ9o9ZsFHGU4RhO4AxcuIYm3EEL2kAghWd4hTfryXqx3q2PRWvJKmaO4A+szx9w4ZLp</latexit>

⇡̂1,3

Dark pions

<latexit sha1_base64="ioGPvUzNpusR3DsIvpwnHy/Ct70="></latexit>

LEFT ⇠ ( RY
†M�2Y �µ R) (iH

†
DµH) + ( L

eY †M�2 eY �µ L) (iH
†
DµH)

�  L! R +  L
eY †M�1Y  R|H|2

<latexit sha1_base64="zX+Vzry9qcM2NOgHdHWNySOX8eI="></latexit>

�  L! R +  L
eY †M�1Y  R|H|2

Z portal (dim-6)

Higgs portal (dim-5)

<latexit sha1_base64="Eu9pAM0dkc4uS9xjPnmmKi0QFus=">AAACInicbVDLSgMxFM3UV62vqks3wSK4KjOlvnYFNy4r2FboDMOdNDMNTWaGJCOUod/ixl9x40JRV4IfY6btQlsPBA7nnJvkniDlTGnb/rJKK6tr6xvlzcrW9s7uXnX/oKuSTBLaIQlP5H0AinIW045mmtP7VFIQAae9YHRd+L0HKhVL4js9TqknIIpZyAhoI/nVK3cIOndTNvEBu4oJ7CYmX1xnVMUmmBVyJKDwIxCGnOHC8as1u25PgZeJMyc1NEfbr364g4RkgsaacFCq79ip9nKQmhFOJxU3UzQFMoKI9g2NQVDl5dMVJ/jEKAMcJtKcWOOp+nsiB6HUWAQmKUAP1aJXiP95/UyHl17O4jTTNCazh8KMY53goi88YJISzceGAJHM/BWTIUgg2rRaMSU4iysvk26j7pzXm7fNWqsxr6OMjtAxOkUOukAtdIPaqIMIekTP6BW9WU/Wi/Vufc6iJWs+c4j+wPr+AcMCpFo=</latexit>

⇡̂a ⇠  i�a�5 

<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f) isospin-violating couplings 

to SM fermions

<latexit sha1_base64="IG3dpuSWC5mC1R/E4lCEbGA5X1A="></latexit>

fa ⇠ M2

Y 2f⇡̂
= 1 PeV

✓
M/Y

TeV

◆2 ✓1 GeV

f⇡̂

◆

<latexit sha1_base64="IoXR04AieLoZEM9O1+dDssC8gNQ="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f
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• Integrate out heavy fermions Q

•  flavors: dark pionsN = 2

<latexit sha1_base64="v02sy4+h+Xhmp+wTu7I/aaT9bVQ=">AAACB3icbVDLSgMxFM3UV62Pjrp0EyyCIJYZKepGKHQjrirYB7TTkkkzbWiSGZKMUIZ+gN/gVtfuxK2f4dI/MdPOwrYeuHA4517O5fgRo0o7zreVW1vf2NzKbxd2dvf2i/bBYVOFscSkgUMWyraPFGFUkIammpF2JAniPiMtf1xL/dYTkYqG4lFPIuJxNBQ0oBhpI/Xt4n0vqdem8BY6veTifNq3S07ZmQGuEjcjJZCh3rd/uoMQx5wIjRlSquM6kfYSJDXFjEwL3ViRCOExGpKOoQJxorxk9vgUnhplAINQmhEaztS/FwniSk24bzY50iO17KXif14n1sGNl1ARxZoIPA8KYgZ1CNMW4IBKgjWbGIKwpOZXiEdIIqxNVwspPk87cZcbWCXNy7J7Va48VErVStZOHhyDE3AGXHANquAO1EEDYBCDF/AK3qxn6936sD7nqzkruzkCC7C+fgGZgphg</latexit>

JPC = 0�+

composite ALP

<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z
<latexit sha1_base64="FShqvcHvZf8AvXd/dWPaE1bbkG8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qtWavUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByamM5Q==</latexit>

f

<latexit sha1_base64="zRS47rRwMO59bX6jXKiyBhQDQuQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2k3bpZhN2N0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0bu53n1BpHstHM0vQj+hY8pAzaqzUHQRUZWE+rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPjZ1QZzgTmlUGqMaFsSsfYt1TSCLWfLc7NyYVVRiSMlS1pyEL9PZHRSOtZFNjOiJqJXvXm4n9ePzXhrZ9xmaQGJVsuClNBTEzmv5MRV8iMmFlCmeL2VsImVFFmbEIVG4K3+vI66VzVvet646FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB4dWj6o=</latexit>

f̄

<latexit sha1_base64="7HM95HVaeBxJpYmlT4kcc7MchGc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkWtRjwYvHCvYDmhA22227dLMJuxuhhvwSLx4U8epP8ea/cdvmoK0PBh7vzTAzL0w4U9pxvq3S2vrG5lZ5u7Kzu7dftQ8OOypOJaFtEvNY9kKsKGeCtjXTnPYSSXEUctoNJ7czv/tIpWKxeNDThPoRHgk2ZARrIwV21RtjnXkJy4PMPb/MA7vm1J050CpxC1KDAq3A/vIGMUkjKjThWKm+6yTaz7DUjHCaV7xU0QSTCR7RvqECR1T52fzwHJ0aZYCGsTQlNJqrvycyHCk1jULTGWE9VsveTPzP66d6eONnTCSppoIsFg1TjnSMZimgAZOUaD41BBPJzK2IjLHERJusKiYEd/nlVdK5qLtX9cZ9o9ZsFHGU4RhO4AxcuIYm3EEL2kAghWd4hTfryXqx3q2PRWvJKmaO4A+szx9w4ZLp</latexit>

⇡̂1,3

Dark pions

<latexit sha1_base64="ioGPvUzNpusR3DsIvpwnHy/Ct70="></latexit>

LEFT ⇠ ( RY
†M�2Y �µ R) (iH

†
DµH) + ( L

eY †M�2 eY �µ L) (iH
†
DµH)

�  L! R +  L
eY †M�1Y  R|H|2

<latexit sha1_base64="zX+Vzry9qcM2NOgHdHWNySOX8eI="></latexit>

�  L! R +  L
eY †M�1Y  R|H|2

Z portal (dim-6)

Higgs portal (dim-5)

<latexit sha1_base64="Eu9pAM0dkc4uS9xjPnmmKi0QFus=">AAACInicbVDLSgMxFM3UV62vqks3wSK4KjOlvnYFNy4r2FboDMOdNDMNTWaGJCOUod/ixl9x40JRV4IfY6btQlsPBA7nnJvkniDlTGnb/rJKK6tr6xvlzcrW9s7uXnX/oKuSTBLaIQlP5H0AinIW045mmtP7VFIQAae9YHRd+L0HKhVL4js9TqknIIpZyAhoI/nVK3cIOndTNvEBu4oJ7CYmX1xnVMUmmBVyJKDwIxCGnOHC8as1u25PgZeJMyc1NEfbr364g4RkgsaacFCq79ip9nKQmhFOJxU3UzQFMoKI9g2NQVDl5dMVJ/jEKAMcJtKcWOOp+nsiB6HUWAQmKUAP1aJXiP95/UyHl17O4jTTNCazh8KMY53goi88YJISzceGAJHM/BWTIUgg2rRaMSU4iysvk26j7pzXm7fNWqsxr6OMjtAxOkUOukAtdIPaqIMIekTP6BW9WU/Wi/Vufc6iJWs+c4j+wPr+AcMCpFo=</latexit>

⇡̂a ⇠  i�a�5 

<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f) isospin-violating couplings 

to SM fermions

<latexit sha1_base64="IG3dpuSWC5mC1R/E4lCEbGA5X1A="></latexit>

fa ⇠ M2

Y 2f⇡̂
= 1 PeV

✓
M/Y

TeV

◆2 ✓1 GeV

f⇡̂

◆
In summary:  

• Many models predict GeV-scale ALPs, with many different coupling patterns 

• Important to consider a general EFT 

<latexit sha1_base64="IoXR04AieLoZEM9O1+dDssC8gNQ="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f
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Experimental motivation
Many current or planned experiments have sensitivity to GeV-scale ALPs: 

✓  Existing collider detectors: ATLAS, CMS, LHCb, Belle II, 

     dedicated detectors for long-lived particles (e.g. FASER), … 

✓  Fixed-target experiments, such as proton beam dumps;  

 neutrino detectors (DUNE) 

✓  Proposed detectors @ High-Luminosity LHC + future colliders
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Experimental motivation
Many current or planned experiments have sensitivity to GeV-scale ALPs: 

✓  Existing collider detectors: ATLAS, CMS, LHCb, Belle II, 

     dedicated detectors for long-lived particles (e.g. FASER), … 

✓  Fixed-target experiments, such as proton beam dumps;  

 neutrino detectors (DUNE) 

✓  Proposed detectors @ High-Luminosity LHC + future colliders 

For all of them, modelling production and decay accurately  

is important to correctly assess sensitivity and compare to other probes 

For , non-perturbativity of SM QCD is a challenge: 

need to calculate decays to exclusive hadronic final states

ma ∼ ΛQCD ∼ GeV

9



<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f)

Snapshot

with

[Cheng, Li, Salvioni, 2021] 10



<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f)

Snapshot

with

[Cheng, Li, Salvioni, 2021] 11



Big differences between models

<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]

<latexit sha1_base64="o6O9ZVupJdXEDh83/p0dtN59MUI="></latexit>

Le↵ � cg
↵s

4⇡

a

fa
Ga

µ⌫
eGµ⌫ a

<latexit sha1_base64="IoXR04AieLoZEM9O1+dDssC8gNQ="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f

<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f)

isospin-breaking coupling to fermions coupling to gluons

[Cheng, Li, Salvioni, 2021] [Aloni, Soreq, Williams 2018] 12



Big differences between models

<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]

<latexit sha1_base64="o6O9ZVupJdXEDh83/p0dtN59MUI="></latexit>

Le↵ � cg
↵s

4⇡

a

fa
Ga

µ⌫
eGµ⌫ a

<latexit sha1_base64="IoXR04AieLoZEM9O1+dDssC8gNQ="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f

<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f)

isospin-breaking coupling to fermions coupling to gluons

[Cheng, Li, Salvioni, 2021] [Aloni, Soreq, Williams 2018]

:  negligible vs dominant
<latexit sha1_base64="4c9u/TlzihWIi/xYU/yCUuVXGqE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARBLHMSH0sC25cVrAP6IzlTpppQ5OZIckIpdSNv+LGhSJu/Qt3/o3pdBZaPZBwOOdeknOChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2AIpyFtGGZprTdiIpiIDTVjC8mvqteyoVi6NbPUqoL6AfsZAR0Ebq2nuAPR1jL2F3x9l9gr0+CAFdu+xUnAz4L3FzUkY56l370+vFJBU00oSDUh3XSbQ/BqkZ4XRS8lJFEyBD6NOOoREIqvxxlmCCD43Sw2EszYk0ztSfG2MQSo1EYCYF6IGa96bif14n1eGlP2ZRkmoakdlDYcqxyTytA/eYpETzkSFAJDN/xWQAEog2pZVMCe585L+keVpxzytnN9VyrZrXUUT76AAdIRddoBq6RnXUQAQ9oCf0gl6tR+vZerPeZ6MFK9/ZRb9gfXwDcHGVlA==</latexit>

a ! ⇡+⇡��

13



Big differences between models

<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]

<latexit sha1_base64="o6O9ZVupJdXEDh83/p0dtN59MUI="></latexit>

Le↵ � cg
↵s

4⇡

a

fa
Ga

µ⌫
eGµ⌫ a

<latexit sha1_base64="IoXR04AieLoZEM9O1+dDssC8gNQ="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f

<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f)

isospin-breaking coupling to fermions coupling to gluons

[Cheng, Li, Salvioni, 2021] [Aloni, Soreq, Williams 2018]

For                         :  
<latexit sha1_base64="luTKPIW0vVkpxtRIGfwHAW4nKoA=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxIfYCbggtdVrAP6AxDJs20oUlmSDJCGbpw46+4caGIWz/CnX9jpp2Fth4IHM45l9x7woRRpR3n2yqtrK6tb5Q3K1vbO7t79v5BR8WpxKSNYxbLXogUYVSQtqaakV4iCeIhI91wfJ373QciFY3FvZ4kxOdoKGhEMdJGCuwqDxD0htokOHS9K48jPZI8uyGdaWDXnLozA1wmbkFqoEArsL+8QYxTToTGDCnVd51E+xmSmmJGphUvVSRBeIyGpG+oQJwoP5sdMYXHRhnAKJbmCQ1n6u+JDHGlJjw0yXxHtejl4n9eP9XRpZ9RkaSaCDz/KEoZ1DHMG4EDKgnWbGIIwpKaXSEeIYmwNr1VTAnu4snLpHNad8/rZ3eNWrNR1FEGVXAEToALLkAT3IIWaAMMHsEzeAVv1pP1Yr1bH/NoySpmDsEfWJ8/G1aXuw==</latexit>

ma & 1 GeV
<latexit sha1_base64="TPU8R0FZOFUqg8L0JbUUK9FwTAU=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWQRBLIvWxLLhxWcE+oIllMp22QyeTMDMRSujGX3HjQhG3foY7/8ZpmoW2HpjL4Zx7uXNPEHOmtON8W4Wl5ZXVteJ6aWNza3vH3t1rqiiRhDZIxCPZDrCinAna0Exz2o4lxWHAaSsY3Uz91iOVikXiXo9j6od4IFifEayN1LUPMPJ0hLyYPZxm9SyrTtcuOxUnA1okbk7KkKPetb+8XkSSkApNOFaq4zqx9lMsNSOcTkpeomiMyQgPaMdQgUOq/DQ7YIKOjdJD/UiaJzTK1N8TKQ6VGoeB6QyxHqp5byr+53US3b/2UybiRFNBZov6CUfm5GkaqMckJZqPDcFEMvNXRIZYYqJNZiUTgjt/8iJpnlfcy8rFXbVcq+ZxFOEQjuAEXLiCGtxCHRpAYALP8Apv1pP1Yr1bH7PWgpXP7MMfWJ8/V0OU7g==</latexit>

a ! ⇡+⇡�⇡0 <latexit sha1_base64="2kst+amOOMy3/So91GgCNS5lPyo=">AAAB+3icbVDJSgNBEK2JW4zbGI9eGoPgKcyI2zHgxWMEs0BmCD2dmqRJz0J3jxhCfsWLB0W8+iPe/Bt7kjlo4oOCx3tVVNULUsGVdpxvq7S2vrG5Vd6u7Ozu7R/Yh9W2SjLJsMUSkchuQBUKHmNLcy2wm0qkUSCwE4xvc7/ziFLxJH7QkxT9iA5jHnJGtZH6dpUSTyfEQ21IyvPq2zWn7sxBVolbkBoUaPbtL2+QsCzCWDNBleq5Tqr9KZWaM4GzipcpTCkb0yH2DI1phMqfzm+fkVOjDEiYSFOxJnP198SURkpNosB0RlSP1LKXi/95vUyHN/6Ux2mmMWaLRWEmiPk2D4IMuESmxcQQyiQ3txI2opIybeKqmBDc5ZdXSfu87l7VL+8vao2LIo4yHMMJnIEL19CAO2hCCxg8wTO8wps1s16sd+tj0Vqyipkj+APr8weXk5N7</latexit>a ! ⌘⇡⇡vs
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Methods
Three mass regimes, following [Aloni, Soreq, Williams 2018] 

•  For                                   , match ALP effective field theory  

 to Chiral Perturbation Theory (leading order + corrections) 

•  For                                    : include exchange of scalar, vector, tensor 

 resonances, using as much input from data as possible 

•  For                       , perturbative QCD 

Some differences in treatment, for instance [Cheng, Li, Salvioni 2021] 

‣ Implementation of vector meson dominance  

(impacts e.g.                      ) 

‣ Couplings and propagator  

of       tensor meson

<latexit sha1_base64="HL+dsMOH4lwaYMoq9k2nHkdFS7U=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DFMCNuoAfBgx4VzAKZONR0Kklj90zT3SOGIV/hxV/x4kERr+LNv7ETc3B7UPB4r4qqerES3Fjf//DGxicmp6ZnZgtz8wuLS8XllapJM82wwlKR6noMBgVPsGK5FVhXGkHGAmvx9cnAr92gNjxNLm1PYVNCJ+FtzsA6KSpuyQjoEZVRHqKFq1BpLrFPQ1BKp7c0CA9DCbarZX6K1X5ULPllfwj6lwQjUiIjnEfF97CVskxiYpkAYxqBr2wzB205E9gvhJlBBewaOthwNAGJppkP3+rTDae0aDvVrhJLh+r3iRykMT0Zu87Bjea3NxD/8xqZbR80c56ozGLCvha1M0FtSgcZ0RbXyKzoOQJMc3crZV3QwKxLsuBCCH6//JdUt8vBXnn3Yqd0vDOKY4askXWySQKyT47JGTknFcLIHXkgT+TZu/cevRfv9at1zBvNrJIf8N4+AcdanyA=</latexit>

ma < m⌘0 ⇡ 1 GeV

<latexit sha1_base64="3Znu05hEZpFnenEH43dRNhDp3q8=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRKtD9BFwYUuK9gHNLFMprft0JkkzEyEEvIbbvwVNy4Ucakr/8Zpm4W2HrhwOOde7r3HjzhT2ra/rdzC4tLySn61sLa+sblV3N5pqDCWFOo05KFs+UQBZwHUNdMcWpEEInwOTX94NfabDyAVC4M7PYrAE6QfsB6jRBupU7RFJ3FBk3s3kkxAii+xUUiKXQ5KKSbwsXvhCqIHUiTX0Eg7xZJdtifA88TJSAllqHWKn243pLGAQFNOlGo7dqS9hEjNKIe04MYKIkKHpA9tQwMiQHnJ5LMUHxili3uhNBVoPFF/TyREKDUSvukc36hmvbH4n9eOde/cS1gQxRoCOl3UiznWIR7HhLtMAtV8ZAihkplbMR0QSag2YRZMCM7sy/OkcVR2Tssnt5VStZLFkUd7aB8dIgedoSq6QTVURxQ9omf0it6sJ+vFerc+pq05K5vZRX9gff0AkUqgng==</latexit>

m⌘0 < ma . 3 GeV

<latexit sha1_base64="TctNERT17hJREh/eFU83iStFClA=">AAACBnicbVDLSgMxFM34rPU16lKEYBFclRmtD3BTcKHLCvYBnWHIpGkbmmSGJCOUYVZu/BU3LhRx6ze482/MtLPQ1gOBwznnkntPGDOqtON8WwuLS8srq6W18vrG5ta2vbPbUlEiMWniiEWyEyJFGBWkqalmpBNLgnjISDscXed++4FIRSNxr8cx8TkaCNqnGGkjBfYBD1KUQW+gTYbDU+/K40gPJU9vSCsL7IpTdSaA88QtSAUUaAT2l9eLcMKJ0JghpbquE2s/RVJTzEhW9hJFYoRHaEC6hgrEifLTyRkZPDJKD/YjaZ7QcKL+nkgRV2rMQ5PMd1SzXi7+53UT3b/0UyriRBOBpx/1EwZ1BPNOYI9KgjUbG4KwpGZXiIdIIqxNc2VTgjt78jxpnVTd8+rZXa1SrxV1lMA+OATHwAUXoA5uQQM0AQaP4Bm8gjfryXqx3q2PaXTBKmb2wB9Ynz/7CJjJ</latexit>

ma & 3 GeV

<latexit sha1_base64="ShPVQHYVcLzVggyc0nPhI2wzMJo=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLIIhlRupjWXDjsoJ9QGcsd9K0DU1mhiQjlKEbf8WNC0Xc+hnu/BvT6Sy09UDC4Zx7Sc4JYs6Udpxvq7C0vLK6VlwvbWxube/Yu3tNFSWS0AaJeCTbASjKWUgbmmlO27GkIAJOW8HoZuq3HqlULArv9TimvoBByPqMgDZS1z4AT0fYi9nDaXafYW8AQkDXLjsVJwNeJG5OyihHvWt/eb2IJIKGmnBQquM6sfZTkJoRTiclL1E0BjKCAe0YGoKgyk+zABN8bJQe7kfSnFDjTP29kYJQaiwCMylAD9W8NxX/8zqJ7l/7KQvjRNOQzB7qJxybzNM2cI9JSjQfGwJEMvNXTIYggWjTWcmU4M5HXiTN84p7Wbm4q5Zr1byOIjpER+gEuegK1dAtqqMGImiCntErerOerBfr3fqYjRasfGcf/YH1+QMXoZVq</latexit>

a ! ⇡+⇡��

<latexit sha1_base64="vZaFh5y0MAlBPUA4+tz0GcFewF4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lK/TgWvHisaGuhDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BiMb2b+4xMqzWP5YCYJ+hEdSh5yRo2V7sN+rV+uuFV3DrJKvJxUIEezX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/9jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0m7VvUuqxd39UqjnsdRhBM4hXPw4AoacAtNaAGDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/ww42L</latexit>

f2
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General analysis
Take ALP effective field theory

<latexit sha1_base64="tgDBAe42yImShk4MkpOI4NxWfDg=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbAbfB0DXjwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju5nfekKleSwfzDhBP6IDyUPOqLFS/aJXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1460+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNCtl77p8Vb8sVStZHHk4gVM4Bw9uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AXL9jKs=</latexit>�
chiral

hermitian matrix

Write code that evaluates ALP decay widths into all SM hadronic final states, 

for arbitrary values of coupling coefficients 

Speed up by calculating just once and storing as many numerical integrals  

(typically over amplitudes extracted from data) as possible 

Needs extensive testing against previous results  

+ ironing out differences in existing implementations of ChPT and resonance exchange

[Cheng, Li, Salvioni, in progress] 16



Outlook

• Writing code that evaluates decay widths of GeV-scale ALPs into any SM hadronic 

final states, for arbitrary values of coupling coefficients 

• Relevant for many theoretical scenarios 

+ very valuable for interpretations of wealth of experimental searches 

• Several extensions would be useful and can be envisaged: 

- integration with RG running of couplings from high to low scales 

- extension to include production mechanisms 

- extension to scalar (vs pseudoscalar) particles 

• ALPINIST code https://github.com/jjerhot/ALPINIST  [Jerhot, Döbrich, Ertas, Kahlhöfer, Spadaro 2201.05170] 

does part of the above, but only includes a few decay modes  

and cannot handle general coupling structure

[Cheng, Li, Salvioni, in progress]

17

https://github.com/jjerhot/ALPINIST


Supplementary material



Light dark pions are long lived

      between 10 meters and 1 millimeter             natural long-lived particle target<latexit sha1_base64="vltyuT3dT2EprZpr4GTMLFweXbw=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbB05ItbW1vBS8eK7htoV1KNk3b0Gx2SbJCWfobvHhQxKs/yJv/xvRDUNEHA4/3ZpiZFyaCa4Pxh5Pb2Nza3snvFvb2Dw6PiscnbR2nijKfxiJW3ZBoJrhkvuFGsG6iGIlCwTrh9Hrhd+6Z0jyWd2aWsCAiY8lHnBJjJZ/2DUkHxRJ2cblerZQRdstV3PAallSx16hVkOfiJUqwRmtQfO8PY5pGTBoqiNY9DycmyIgynAo2L/RTzRJCp2TMepZKEjEdZMtj5+jCKkM0ipUtadBS/T6RkUjrWRTazoiYif7tLcS/vF5qRvUg4zJJDZN0tWiUCmRitPgcDbli1IiZJYQqbm9FdEIUocbmU7AhfH2K/iftsuvV3MptpdSsrePIwxmcwyV4cAVNuIEW+ECBwwM8wbMjnUfnxXldteac9cwp/IDz9glE/476</latexit>c⌧

<latexit sha1_base64="UkoK4HFOFWPBme5ZntCJjHla5qI=">AAACB3icbVBNS8NAEN34WetX1KMgwSJ4KkkpKngpePFYwX5AEsJmu22X7iZhdyKUkJsX/4oXD4p49S9489+4aXPQ1gcDj/dmmJkXJpwpsO1vY2V1bX1js7JV3d7Z3ds3Dw67Kk4loR0S81j2Q6woZxHtAANO+4mkWISc9sLJTeH3HqhULI7uYZpQX+BRxIaMYNBSYJ54gNMg88YYMi9hee5du57AMJYiE7kfmDW7bs9gLROnJDVUoh2YX94gJqmgERCOlXIdOwE/wxIY4TSveqmiCSYTPKKuphEWVPnZ7I/cOtPKwBrGUlcE1kz9PZFhodRUhLqzOFEteoX4n+emMLzyMxYlKdCIzBcNU25BbBWhWAMmKQE+1QQTyfStFhljiQno6Ko6BGfx5WXSbdSdi3rzrllrNco4KugYnaJz5KBL1EK3qI06iKBH9Ixe0ZvxZLwY78bHvHXFKGeO0B8Ynz9H+Jos</latexit>

⌧⇡̂ [m]

<latexit sha1_base64="PtKCw9l2HWctdiJCYGUuQjjqB+s=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSlqOCm4EKXFewDkhAm00k7dCYJMxOhhKzc+CtuXCji1m9w5984abPQ1gMXDufcy733BAmjUlnWt1FZWV1b36hu1ra2d3b3zP2DnoxTgUkXxywWgwBJwmhEuooqRgaJIIgHjPSDyXXh9x+IkDSO7tU0IR5Ho4iGFCOlJd885n7mjpHK3ITmuXvluBypseDZDenlnm/WrYY1A1wmdknqoETHN7/cYYxTTiKFGZLSsa1EeRkSimJG8pqbSpIgPEEj4mgaIU6kl83eyOGpVoYwjIWuSMGZ+nsiQ1zKKQ90Z3GkXPQK8T/PSVV46WU0SlJFIjxfFKYMqhgWmcAhFQQrNtUEYUH1rRCPkUBY6eRqOgR78eVl0ms27PNG665VbzfLOKrgCJyAM2CDC9AGt6ADugCDR/AMXsGb8WS8GO/Gx7y1YpQzh+APjM8fHcyZfg==</latexit>

m⇡̂ [GeV]

<latexit sha1_base64="m8FCNLZSFZCHMqp6gfttHI5R61w=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmkqCBCwYUuK9gHNKFMppN26MwkzEyEErJ046+4caGIWz/BnX/jpM1CWw9cOJxzL/feE8SMKu0431ZpaXllda28XtnY3NresXf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4+vc7zwQqWgk7vUkJj5HQ0FDipE2Ut8+DPupN0I69WKaZfAKut6lx5EeSZ7ekHbWt6tOzZkCLhK3IFVQoNm3v7xBhBNOhMYMKdVznVj7KZKaYkayipcoEiM8RkPSM1QgTpSfTh/J4LFRBjCMpCmh4VT9PZEirtSEB6Yzv1HNe7n4n9dLdHjhp1TEiSYCzxaFCYM6gnkqcEAlwZpNDEFYUnMrxCMkEdYmu4oJwZ1/eZG0T2vuWa1+V682nCKOMjgAR+AEuOAcNMAtaIIWwOARPINX8GY9WS/Wu/Uxay1Zxcw++APr8wdX+pl/</latexit>

f⇡̂ = 1 GeV

<latexit sha1_base64="MYsz4Zycqi/fjyWMT1eCEga8Wi4=">AAACAHicbVBNS8NAEJ34WetX1IMHL4tF8FQSKSp4KXjxIlToFzShbLabduluEnY3Qgm9+Fe8eFDEqz/Dm//GTZuDtj4YeLw3w8y8IOFMacf5tlZW19Y3Nktb5e2d3b19++CwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfJv7nUcqFYujpp4k1Bd4GLGQEayN1LeP75GnmEAu8m48gfVIiqxJ29O+XXGqzgxombgFqUCBRt/+8gYxSQWNNOFYqZ7rJNrPsNSMcDote6miCSZjPKQ9QyMsqPKz2QNTdGaUAQpjaSrSaKb+nsiwUGoiAtOZ36gWvVz8z+ulOrz2MxYlqaYRmS8KU450jPI00IBJSjSfGIKJZOZWREZYYqJNZmUTgrv48jJpX1Tdy2rtoVapO0UcJTiBUzgHF66gDnfQgBYQmMIzvMKb9WS9WO/Wx7x1xSpmjuAPrM8fTomVjg==</latexit>

M ⇠ 1 TeV

<latexit sha1_base64="4y9ICnNqmygPFoL3QNMazJLPNJA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx4r2A9pl5JNs21okl2TrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HNzO//cS04bG6t5OEBZIMFY84JdZJnQfcM1xiv1+ueFVvDrxK/JxUIEejX/7qDWKaSqYsFcSYru8lNsiItpwKNi31UsMSQsdkyLqOKiKZCbL5vVN85pQBjmLtSlk8V39PZEQaM5Gh65TEjsyyNxP/87qpja6DjKsktUzRxaIoFdjGePY8HnDNqBUTRwjV3N2K6YhoQq2LqORC8JdfXiWti6p/Wa3d1Sp1L4+jCCdwCufgwxXU4RYa0AQKAp7hFd7QI3pB7+hj0VpA+cwx/AH6/AHpt48w</latexit>

Y ⇠ 1naive expectations  
for parameters



Light dark sectors

<latexit sha1_base64="Oo8SEsA9wWMNKDWRRf8nsFSLRUo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToRQ+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iFnC/YiOlAgFo2ilh2yAg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBf0o1Cib5rNRPDU8om9AR71mqaMSNP12cOiMXVhmSMNa2FJKF+ntiSiNjsiiwnRHFsVn15uJ/Xi/F8MafCpWkyBVbLgpTSTAm87/JUGjOUGaWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP3Dgjd0=</latexit>yt
<latexit sha1_base64="Oo8SEsA9wWMNKDWRRf8nsFSLRUo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToRQ+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iFnC/YiOlAgFo2ilh2yAg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBf0o1Cib5rNRPDU8om9AR71mqaMSNP12cOiMXVhmSMNa2FJKF+ntiSiNjsiiwnRHFsVn15uJ/Xi/F8MafCpWkyBVbLgpTSTAm87/JUGjOUGaWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP3Dgjd0=</latexit>yt

+ <latexit sha1_base64="ASnuKMYfckmBIlEm01D5PY7Ze3c=">AAAB8nicdVDLSgNBEJz1GeMr6tHLYBA8LbMxq8kt4MVjBPOAZA2zk0kyZPbBTK+wLPkMLx4U8erXePNvnE0iqGhBQ1HVTXeXH0uhgZAPa2V1bX1js7BV3N7Z3dsvHRy2dZQoxlsskpHq+lRzKULeAgGSd2PFaeBL3vGnV7nfuedKiyi8hTTmXkDHoRgJRsFIvf6EQpbOBnBXGZTKxCZu3XUIJrZLnPp5Tur1WtV1sWOTOcpoieag9N4fRiwJeAhMUq17DonBy6gCwSSfFfuJ5jFlUzrmPUNDGnDtZfOTZ/jUKEM8ipSpEPBc/T6R0UDrNPBNZ0Bhon97ufiX10tgVPMyEcYJ8JAtFo0SiSHC+f94KBRnIFNDKFPC3IrZhCrKwKRUNCF8fYr/J+2K7VzY1ZtquVFZxlFAx+gEnSEHXaIGukZN1EIMRegBPaFnC6xH68V6XbSuWMuZI/QD1tsn3LyRnA==</latexit>

ŷ2t

<latexit sha1_base64="RTnVCOiRV7wLr0twgDw7nTBdK6M=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBA8LbO6q9lbwIvHCOYByRJmJ5NkyOyDmV4hLPkILx4U8er3ePNvnE0iqGhBQ1HVTXdXmEqhgZAPa2V1bX1js7RV3t7Z3duvHBy2dJIpxpsskYnqhFRzKWLeBAGSd1LFaRRK3g4n14XfvudKiyS+g2nKg4iOYjEUjIKR2r0xhRxm/UqV2MTzPYdgYnvE8S8K4vs11/OwY5M5qmiJRr/y3hskLIt4DExSrbsOSSHIqQLBJJ+Ve5nmKWUTOuJdQ2MacR3k83Nn+NQoAzxMlKkY8Fz9PpHTSOtpFJrOiMJY//YK8S+vm8GwFuQiTjPgMVssGmYSQ4KL3/FAKM5ATg2hTAlzK2ZjqigDk1DZhPD1Kf6ftM5t59J2b91q3V3GUULH6ASdIQddoTq6QQ3URAxN0AN6Qs9Waj1aL9bronXFWs4coR+w3j4BGTyQDg==</latexit>

t̂

Dark QCD confines at ~ GeV 

Coupled to SM by irrelevant operators ∼
𝒪dark𝒪SM

M2

[Cheng, Li, Salvioni, Verhaaren 2018] 
[Cohen, Craig, Giudice, McCullough 2018]

 has no Standard Model chargeŝt

<latexit sha1_base64="r6ZY3O9Ys8Jeas21OiXGX+U6f1g="></latexit>

yt
Z2 ! ŷt

• Neutral naturalness: natural electroweak breaking without new QCD-charged particles. 

Instead, the “top partners” are charged under a dark color symmetry:

<latexit sha1_base64="/d1j9ZrieTZvmfmTolVgwCpcFsM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvOvyVBozlBOLaFMC3srYWOqKUObTcmG4K2+vE7aV1Xvulpr1ir1Wh5HEc7gHC7Bgxuowz00oAUMODzDK7w5j86L8+58LFsLTj5zCn/gfP4A3uGM8w==</latexit>

t
<latexit sha1_base64="eN9txWwBhJHn0LpD95bGdLQFhIA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF09S0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d91i9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1UfUuq7X7WqXu5nEU4QRO4Rw8uII63EIDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcVAI2f</latexit>

Nc

<latexit sha1_base64="J1IsGwrD+fz4xNN9Sr0iy9TWjzs=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9hoo+2t4MWTVLCt0Iay2WzapZtN3N1USujv8OJBEa/+GG/+GzdtBRV9MPB4b4aZeX7CmdIIfViFpeWV1bXiemljc2t7p7y711ZxKgltkZjH8tbHinImaEszzeltIimOfE47/ugi9ztjKhWLxY2eJNSL8ECwkBGsjeT17llAh1hnV9M+6ZcryEZu3XUQRLaLnPppTur1WtV1oWOjGSpggWa//N4LYpJGVGjCsVJdByXay7DUjHA6LfVSRRNMRnhAu4YKHFHlZbOjp/DIKAEMY2lKaDhTv09kOFJqEvmmM8J6qH57ufiX1011WPMyJpJUU0Hmi8KUQx3DPAEYMEmJ5hNDMJHM3ArJEEtMtMmpZEL4+hT+T9ontnNmV6+rlQZaxFEEB+AQHAMHnIMGuARN0AIE3IEH8ASerbH1aL1Yr/PWgrWY2Qc/YL19An3gkos=</latexit>

bNc

[Chacko, Goh, Harnik 2004]

<latexit sha1_base64="GKs+2HWMgFgQ1f7tsrZqdhypNTg="></latexit>

gs
Z2 ! ĝs



CP-even dark pion: mixing with the Higgs

• Light CP-even scalar mixed with Higgs    apply results of [Winkler, 1809.01876]  

• Non-trivial interplay with dark quark mass matrix

→

<latexit sha1_base64="ja0yqGvMg1lzDmFpuvRXBRH1asg=">AAACB3icbVDLSgMxFM3UV62Pjrp0EyyCm5YZKepGKHQjrirYB7TTkkkzbWiSGZKMUIZ+gN/gVtfuxK2f4dI/MdPOwrYeuHA4517O5fgRo0o7zreV29jc2t7J7xb29g8Oi/bRcUuFscSkiUMWyo6PFGFUkKammpFOJAniPiNtf1JP/fYTkYqG4lFPI+JxNBI0oBhpIw3s4n0/adRn8BY6/aRcng3sklNx5oDrxM1ICWRoDOyf3jDEMSdCY4aU6rpOpL0ESU0xI7NCL1YkQniCRqRrqECcKC+ZPz6D50YZwiCUZoSGc/XvRYK4UlPum02O9Fiteqn4n9eNdXDjJVREsSYCL4KCmEEdwrQFOKSSYM2mhiAsqfkV4jGSCGvT1VKKz9NO3NUG1knrsuJeVaoP1VKtmrWTB6fgDFwAF1yDGrgDDdAEGMTgBbyCN+vZerc+rM/Fas7Kbk7AEqyvX5yqmGI=</latexit>
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CP-even dark pion: mixing with the Higgs
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 Z bosons @ HL-LHC: strong discovery potential, still mostly unexplored> 1011

Dark showers at the LHC



Dark showers at the LHC

[Schwaller, Stolarski, Weiler 2015] 
[CMS 2018]

No hard SM activity automatically present (contrast to emerging jets) 

To begin, focus on trigger-friendly  ̂π → μ+μ−
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B decay bound

Dark showers @ LHCb

 
bound
Z → inv

For LHCb, apply latest search for displaced  [LHCb 2007.03923], 

including backgrounds, to project to Run 3 and high luminosity

X → μ+μ−



Meson FCNC decays

•  : bounds from  @ LHCb and @ CHARM beam dumpma > 2mμ B → K(*) (a → μμ)

bounds from [Döbrich, Ertas,  
Kahlhöfer, Spadaro 2018]

ALP coupled to weak isospin

Proposed LLP experiments can extend reach strongly: CODEX-b, FASER 2, MATHUSLA

fa ≳ 0.6 PeV
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fa & 8 to 60 PeV

[CODEX-b Expression of Interest 2019]


