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Erbino and his light SUSY partner
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How Herbi met me
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Things Herbi tried to teach me
but I failed to learn
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Take photos for future memory
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Make pancakes
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Bike at least 5000 km a year
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Keep in touch with friends regularly
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Things I tried to learn from Herbi
but he failed to teach me
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How to date women successfully 
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Erbino and his light SUSY partner
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Erbino and a light neutralino?



Lorenzo Ubaldi Herbi fest22



Lorenzo Ubaldi Herbi fest23



Lorenzo Ubaldi Herbi fest24



Lorenzo Ubaldi Herbi fest25



Lorenzo Ubaldi Herbi fest26



Lorenzo Ubaldi Herbi fest27



Lorenzo Ubaldi Herbi fest28



Lorenzo Ubaldi Herbi fest29



Lorenzo Ubaldi Herbi fest30

The Strong CP problem

LQCD � ✓
g2s

32⇡2
Gµ⌫

a G̃aµ⌫ + q̄RiMijqLj + h.c.
<latexit sha1_base64="VuQk9l8NJ9dIG76q2Y2qBN3XPYg="></latexit>

✓̄ = ✓ + arg detM
<latexit sha1_base64="hvHhVssTBA3jGeryM6dWJ1fWfiQ=">AAACEXicbZDLSgNBEEV74ju+oi7dNAZBEMJMFHShEHDjRlAwUciEUNOpJE16HnTXCGHIL7jxV9y4UMStO3f+jZ2HoMYLDYdbVVTXDRIlDbnup5ObmZ2bX1hcyi+vrK6tFzY2ayZOtcCqiFWsbwMwqGSEVZKk8DbRCGGg8CbonQ3rN3eojYyja+on2AihE8m2FEDWahb2/AA096mLBPz0G/Z55uuQg+5wn7eQBvyiWSi6JXckPg3eBIpsostm4cNvxSINMSKhwJi65ybUyECTFAoHeT81mIDoQQfrFiMI0TSy0UUDvmudFm/H2r6I+Mj9OZFBaEw/DGxnCNQ1f2tD879aPaX2cSOTUZISRmK8qJ0qTjEfxsNbUqMg1bcAQkv7Vy66oEGQDTFvQ/D+njwNtXLJOyiVrw6LlZNJHItsm+2wPeaxI1Zh5+ySVZlg9+yRPbMX58F5cl6dt3FrzpnMbLFfct6/AIZxm4k=</latexit>

The experimental non observation of a neutron EDM implies:
<latexit sha1_base64="prc7ciLYQJ6TuIb0yT2hBX2qGfg=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEIXiyJFPXQQ8GLxwr2A5pYNttNu3SzCbsTocQe/CtePCji1b/hzX/jts1BWx8MPN6bYWZekAiuwXG+raXlldW19cJGcXNre2fX3ttv6jhVlDVoLGLVDohmgkvWAA6CtRPFSBQI1gqG1xO/9cCU5rG8g1HC/Ij0JQ85JWCkrn3oBURhDwYMCK5i17nPzlxn3LVLTtmZAi8SNycllKPetb+8XkzTiEmggmjdcZ0E/Iwo4FSwcdFLNUsIHZI+6xgqScS0n03vH+MTo/RwGCtTEvBU/T2RkUjrURSYzojAQM97E/E/r5NCeOVnXCYpMElni8JUYIjxJAzc44pRECNDCFXc3IrpgChCwURWNCG48y8vkuZ52b0oV24rpVo1j6OAjtAxOkUuukQ1dIPqqIEoekTP6BW9WU/Wi/Vufcxal6x85gD9gfX5A3HylG4=</latexit>

✓̄ < 10�10
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The Axion solution

<latexit sha1_base64="R0GPUqE+RsU2oyp/qmvDjO3BqzI=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwZohYWJDaWkHhAAheytyywYXfv3N0jIRd+h42Fxtj6Y+z8Ny5whYIvmeTlvZnMzAtjzrRx3W8nt7G5tb2T3y3s7R8cHhWPT5o6ShShPol4pNoh1pQzSX3DDKftWFEsQk5b4fh+7rcmVGkWyUczjWkg8FCyASPYWCnwy95lL+0qgeqNWa9YcivuAmideBkpQYZ6r/jV7UckEVQawrHWHc+NTZBiZRjhdFboJprGmIzxkHYslVhQHaSLo2fowip9NIiULWnQQv09kWKh9VSEtlNgM9Kr3lz8z+skZnAbpEzGiaGSLBcNEo5MhOYJoD5TlBg+tQQTxeytiIywwsTYnAo2BG/15XXSvKp415Vqo1qq3WVx5OEMzqEMHtxADR6gDj4QeIJneIU3Z+K8OO/Ox7I152Qzp/AHzucPU5iRKQ==</latexit>

U(1)PQ

<latexit sha1_base64="8cpQWR21gLzwQx4bCkXpkUuFxHc="></latexit>

V (✓̄,�) ⇡ ⇤4


1� cos

✓
�

f
+ ✓̄

◆�

The anomaly of the                 generates the term
<latexit sha1_base64="R0GPUqE+RsU2oyp/qmvDjO3BqzI=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwZohYWJDaWkHhAAheytyywYXfv3N0jIRd+h42Fxtj6Y+z8Ny5whYIvmeTlvZnMzAtjzrRx3W8nt7G5tb2T3y3s7R8cHhWPT5o6ShShPol4pNoh1pQzSX3DDKftWFEsQk5b4fh+7rcmVGkWyUczjWkg8FCyASPYWCnwy95lL+0qgeqNWa9YcivuAmideBkpQYZ6r/jV7UckEVQawrHWHc+NTZBiZRjhdFboJprGmIzxkHYslVhQHaSLo2fowip9NIiULWnQQv09kWKh9VSEtlNgM9Kr3lz8z+skZnAbpEzGiaGSLBcNEo5MhOYJoD5TlBg+tQQTxeytiIywwsTYnAo2BG/15XXSvKp415Vqo1qq3WVx5OEMzqEMHtxADR6gDj4QeIJneIU3Z+K8OO/Ox7I152Qzp/AHzucPU5iRKQ==</latexit>

U(1)PQ

<latexit sha1_base64="a9E84qKeX4SQF4bAHdFTkupgy3A=">AAACGnicbZDLSsNAFIYn9VbrLerSzWARXJWkFnXhouCiLivYCzQxTCaTduhkEmYmQgl5Dje+ihsXirgTN76N0zYLbf1h4OM/53Dm/H7CqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCvjVGDSwTGLRd9HkjDKSUdRxUg/EQRFPiM9f3w9rfceiJA05ndqkhA3QkNOQ4qR0pZn2k4oEM4cSYcRyrMwh3Nj6Mn7ep6d1Z2EaoAt6CjKAgJbnlm1atZMcBnsAqqgUNszP50gxmlEuMIMSTmwrUS5GRKKYkbyipNKkiA8RkMy0MhRRKSbzU7L4Yl2AhjGQj+u4Mz9PZGhSMpJ5OvOCKmRXKxNzf9qg1SFl25GeZIqwvF8UZgyqGI4zQkGVBCs2EQDwoLqv0I8QjoapdOs6BDsxZOXoVuv2ee1xm2j2rwq4iiDI3AMToENLkAT3IA26AAMHsEzeAVvxpPxYrwbH/PWklHMHII/Mr5+ANB6oKo=</latexit>

�

f

g2s
32⇡2

GG̃

in the QCD lagrangian. 
At scales below confinement,                           , we get the potential

<latexit sha1_base64="9Zp2BQmxIxnrIROpfMID/Dsbmpc=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBVZkpRV24KLhxoVDBPqAzlEwm04ZmJiHJiGXo0o2/4saFIm79BHf+jWk7C209EDiccy439wSCUaUd59sqLC2vrK4V10sbm1vbO/buXkvxVGLSxJxx2QmQIowmpKmpZqQjJEFxwEg7GF5O/PY9kYry5E6PBPFj1E9oRDHSRurZh961CYcIekgIyR9g1XGgBzNPxvCGtMY9u+xUnCngInFzUgY5Gj37yws5TmOSaMyQUl3XEdrPkNQUMzIueakiAuEh6pOuoQmKifKz6SFjeGyUEEZcmpdoOFV/T2QoVmoUByYZIz1Q895E/M/rpjo69zOaiFSTBM8WRSmDmsNJKzCkkmDNRoYgLKn5K8QDJBHWpruSKcGdP3mRtKoV97RSu62V6xd5HUVwAI7ACXDBGaiDK9AATYDBI3gGr+DNerJerHfrYxYtWPnMPvgD6/MHU/qYQA==</latexit>

⇤ ⇡ 200 MeV

minimized at                    .  
<latexit sha1_base64="XkhEKvMY6WQkD/1wgR09kkrw5dc=">AAACEHicbVA9SwNBEN2L3/ErammzGEQbw52IWigINpYKRgO5EOY2c8mSvb1jd04IwZ9g41+xsVDE1tLOf+Pmo9Dog4G3782wMy/KlLTk+19eYWp6ZnZufqG4uLS8slpaW7+xaW4EVkWqUlOLwKKSGqskSWEtMwhJpPA26p4P/Ns7NFam+pp6GTYSaGsZSwHkpGZpJ1Sg2wp5aGU7AR6a0fOU7/GYhxGYkDpI0CyV/Yo/BP9LgjEpszEum6XPsJWKPEFNQoG19cDPqNEHQ1IovC+GucUMRBfaWHdUQ4K20R8edM+3ndLicWpcaeJD9edEHxJre0nkOhOgjp30BuJ/Xj2n+LjRlzrLCbUYfRTnilPKB+nwljQoSPUcAWGk25WLDhgQ5DIsuhCCyZP/kpv9SnBYObg6KJ+djOOYZ5tsi+2ygB2xM3bBLlmVCfbAntgLe/UevWfvzXsftRa88cwG+wXv4xvgTpvY</latexit>

h�i = �f ✓̄

At the minimum of this potential, QCD is CP conserving: strong CP problem solved!

� = ⇢ei�/f
<latexit sha1_base64="vAUeaMqKJKWErricLKPm0aNOrus=">AAACBXicbVC7SgNBFJ31GeNr1VKLwSBYxd0oaKEQsLGMYB6QXcPsZDY7ZB7LzKwQljQ2/oqNhSK2/oOdf+PkUWjigQuHc+7l3nuilFFtPO/bWVhcWl5ZLawV1zc2t7bdnd2GlpnCpI4lk6oVIU0YFaRuqGGklSqCeMRIM+pfj/zmA1GaSnFnBikJOeoJGlOMjJU67kFQSyi8goFKJCT3OYWBpj2O4AmMhx235JW9MeA88aekBKaoddyvoCtxxokwmCGt276XmjBHylDMyLAYZJqkCPdRj7QtFYgTHebjL4bwyCpdGEtlSxg4Vn9P5IhrPeCR7eTIJHrWG4n/ee3MxBdhTkWaGSLwZFGcMWgkHEUCu1QRbNjAEoQVtbdCnCCFsLHBFW0I/uzL86RRKfun5crtWal6OY2jAPbBITgGPjgHVXADaqAOMHgEz+AVvDlPzovz7nxMWhec6cwe+APn8wcZ/5cG</latexit>

<latexit sha1_base64="zxv1Va5XUyWPeSJNBKsZMtwWHlo=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoCDWRoi5cFNy4rGAf0MRyM500QycPZiZCCd268VfcuFDErX/gzr9x2mahrQcuHM65l3vv8RLOpLKsb6OwtLyyulZcL21sbm3vmLt7LRmngtAmiXksOh5IyllEm4opTjuJoBB6nLa94fXEbz9QIVkc3alRQt0QBhHzGQGlpZ6JHRHEmN5nDFccyQYh4FPs4xPsAE8COB73zLJVtabAi8TOSRnlaPTML6cfkzSkkSIcpOzaVqLcDIRihNNxyUklTYAMYUC7mkYQUulm00/G+EgrfezHQlek8FT9PZFBKOUo9HRnCCqQ895E/M/rpsq/dDMWJamiEZkt8lOOVYwnseA+E5QoPtIEiGD6VkwCEECUDq+kQ7DnX14krbOqfV6t3dbK9as8jiI6QIeogmx0geroBjVQExH0iJ7RK3oznowX4934mLUWjHxmH/2B8fkDlBeYVw==</latexit>

⇢ei(�/f+↵) PQ = Peccei-Quinn
<latexit sha1_base64="nV8jsyRAsBCpnyEKDxKdqAXOEmQ=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwELLBMwHJEfY28wla/b2jt09IYT8AhsLRWz9SXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfpdr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL3LcqVeKVVvsjjycAKncA4eXEEV7qEGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOdFYzO</latexit>

G

<latexit sha1_base64="nV8jsyRAsBCpnyEKDxKdqAXOEmQ=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwELLBMwHJEfY28wla/b2jt09IYT8AhsLRWz9SXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfpdr1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8NqfcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL3LcqVeKVVvsjjycAKncA4eXEEV7qEGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOdFYzO</latexit>

G

<latexit sha1_base64="ayWYksSJSL+9Yl/yC9yeIVT2SsQ=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqAcPBS8eK9gPaJeSTbNtaJJdkqxQlv4ILx4U8erv8ea/MdvuQVsfDDzem2FmXpgIbqznfaPS2vrG5lZ5u7Kzu7d/UD08aps41ZS1aCxi3Q2JYYIr1rLcCtZNNCMyFKwTTu5yv/PEtOGxerTThAWSjBSPOCXWSZ2+4SNJKoNqzat7c+BV4hekBgWag+pXfxjTVDJlqSDG9HwvsUFGtOVUsFmlnxqWEDohI9ZzVBHJTJDNz53hM6cMcRRrV8riufp7IiPSmKkMXackdmyWvVz8z+ulNroJMq6S1DJFF4uiVGAb4/x3POSaUSumjhCqubsV0zHRhFqXUB6Cv/zyKmlf1P2r+uXDZa1xW8RRhhM4hXPw4RoacA9NaAGFCTzDK7yhBL2gd/SxaC2hYuYY/gB9/gDUAo86</latexit>�
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The DFSZ Axion
Two Higgs doublets plus a complex scalar singlet

The SM fermions are also charged under the U(1)PQ 

<latexit sha1_base64="G+A+FR8492UcFwQsUjOLa4KbCEA=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAIrkpSirpQKLjpsoK9QJOGyWSSDp1MwsxEKKEbN76KGxeKuPUd3Pk2TtsstPWHgY//nMOZ8/spo1JZ1rexsrq2vrFZ2ipv7+zu7ZsHhx2ZZAKTNk5YIno+koRRTtqKKkZ6qSAo9hnp+qPbab37QISkCb9X45S4MYo4DSlGSlueedKBNzCCTmtIBzXY9LKBE6AoIkJz4JkVq2rNBJfBLqACCrU888sJEpzFhCvMkJR920qVmyOhKGZkUnYySVKERygifY0cxUS6+eyKCTzTTgDDROjHFZy5vydyFEs5jn3dGSM1lIu1qflfrZ+p8MrNKU8zRTieLwozBlUCp5HAgAqCFRtrQFhQ/VeIh0ggrHRwZR2CvXjyMnRqVfuiWr+rVxrXRRwlcAxOwTmwwSVogCZogTbA4BE8g1fwZjwZL8a78TFvXTGKmSPwR8bnD5GFlrg=</latexit>

V = g�2
H

†
uHd

in SUSY

Dine, Fischler, Srednicki 1981 
Zhitnitsky 1980

<latexit sha1_base64="MtsHawzcsMDq42wYihLKoPFNc24=">AAACGHicbZDLSsNAFIYnXmu9RV26GSyCq5qUoi4UKm66ESrYCzQxTCaTdujkwsxEKCGP4cZXceNCEbfd+TZO0wja+sPAx3/O4cz53ZhRIQ3jS1taXlldWy9tlDe3tnd29b39jogSjkkbRyziPRcJwmhI2pJKRnoxJyhwGem6o5tpvftIuKBReC/HMbEDNAipTzGSynL00y68ggNo+Rzh1BoiCa8fall666QtlmUwd5pO8gOeo1eMqpELLoJZQAUUajn6xPIinAQklJghIfqmEUs7RVxSzEhWthJBYoRHaED6CkMUEGGn+WEZPFaOB/2IqxdKmLu/J1IUCDEOXNUZIDkU87Wp+V+tn0j/wk5pGCeShHi2yE8YlBGcpgQ9ygmWbKwAYU7VXyEeIpWRVFmWVQjm/MmL0KlVzbNq/a5eaVwWcZTAITgCJ8AE56ABmqAF2gCDJ/AC3sC79qy9ah/a56x1SStmDsAfaZNvCvyeig==</latexit>

W = g
Â

2

MPl
ĤuĤd Kim, Nilles 1984

<latexit sha1_base64="sDkDp2ITXYIj2DppQ69Ajf/O5kY=">AAACCXicbZDLSgMxFIbP1Futt1GXboJFcFVmRNSFQsVNlxXsBdphyGQybWgmMyQZoQzduvFV3LhQxK1v4M63Mb0I2nog5OP/zyE5f5ByprTjfFmFpeWV1bXiemljc2t7x97da6okk4Q2SMIT2Q6wopwJ2tBMc9pOJcVxwGkrGNyM/dY9lYol4k4PU+rFuCdYxAjWRvJt1EJXiPgu6vaxRtfTq+ZnPxD6dtmpOJNCi+DOoAyzqvv2ZzdMSBZToQnHSnVcJ9VejqVmhNNRqZspmmIywD3aMShwTJWXTzYZoSOjhChKpDlCo4n6eyLHsVLDODCdMdZ9Ne+Nxf+8TqajCy9nIs00FWT6UJRxpBM0jgWFTFKi+dAAJpKZvyLSxxITbcIrmRDc+ZUXoXlScc8qp7en5erlLI4iHMAhHIML51CFGtShAQQe4Ale4NV6tJ6tN+t92lqwZjP78Kesj29z2Zeo</latexit>

W = c1ÂĤuĤd
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Supersymmetric axions

The chiral super field       contains not only the axion, but also its two partners:
a CP-even scalar, the saxion,
a fermion, the axino.

Actually, to build a consistent model it is inevitable to introduce more fields

<latexit sha1_base64="tFk94D1SO3lCqoD21EEMqY4YVE8=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYmMZwXxAcoS9zV6yZm/v2J0TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRrdTv/XEtRGxesBxwv2IDpQIBaNopWZ3SJHc9MoVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5tdOyEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6eukLzRnKMeWUKaFvZWwIdWUoQ2oZEPwFl9eJs2zqndRPb8/r9Su8ziKcATHcAoeXEIN7qAODWDwCM/wCm9O7Lw4787HvLXg5DOH8AfO5w/urY6z</latexit>

Â

<latexit sha1_base64="IR6KQdSF0tHU1/qyGR6ZJHJLCSQ="></latexit>

W = ��̂

✓
Â ˆ̄A� 1

4
f2
a

◆
Dreiner, Staub, LU 2014

<latexit sha1_base64="+L0RGzXRePNrpY8yMT0KHTDbcio=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh48FATxWMF+SLuUbJptQ5PsmmSFsvRXePGgiFd/jjf/jdl2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfg689tPVGkWyXsziakv8FCykBFsrPTQ04/KpDfTUr9ccavuDGiZeDmpQI5Gv/zVG0QkEVQawrHWXc+NjZ9iZRjhdFrqJZrGmIzxkHYtlVhQ7aezg6foxCoDFEbKljRopv6eSLHQeiIC2ymwGelFLxP/87qJCS/9lMk4MVSS+aIw4chEKPseDZiixPCJJZgoZm9FZIQVJsZmlIXgLb68TFpnVe+8WrurVepXeRxFOIJjOAUPLqAOt9CAJhAQ8Ayv8OYo58V5dz7mrQUnnzmEP3A+fwCbEpBF</latexit>p
F

<latexit sha1_base64="SJ9PYu6FrBEJ2TQPaqOPSuuz3yw=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqIVFwMYyovmA5Ahzm71kyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVFHWpLGIVSdAzQSXrGm4EayTKIZRIFg7GN/O/PYTU5rH8tFMEuZHOJQ85BSNlR7CPvbLFbfqzkFWiZeTCuRo9MtfvUFM04hJQwVq3fXcxPgZKsOpYNNSL9UsQTrGIetaKjFi2s/mp07JmVUGJIyVLWnIXP09kWGk9SQKbGeEZqSXvZn4n9dNTXjtZ1wmqWGSLhaFqSAmJrO/yYArRo2YWIJUcXsroSNUSI1Np2RD8JZfXiWti6p3Wa3d1yr1mzyOIpzAKZyDB1dQhztoQBMoDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AOiSNwQ==</latexit>

fa

<latexit sha1_base64="sIYuACBGfpWI2dRottqnUGLORuE=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYGMjROIlkdwR9jabZMnu3rG7J4Qjf8PGQhFb/4yd/8ZNcoUmPhh4vDfDzLwo4Uwb1/12Ciura+sbxc3S1vbO7l55/6Cp41QR6pOYx6odYU05k9Q3zHDaThTFIuK0FY1upn7riSrNYvlgxgkNBR5I1mcEGysFd90sUAI1/MbjpFuuuFV3BrRMvJxUIEe9W/4KejFJBZWGcKx1x3MTE2ZYGUY4nZSCVNMEkxEe0I6lEguqw2x28wSdWKWH+rGyJQ2aqb8nMiy0HovIdgpshnrRm4r/eZ3U9K/CjMkkNVSS+aJ+ypGJ0TQA1GOKEsPHlmCimL0VkSFWmBgbU8mG4C2+vEyaZ1Xvonp+f16pXedxFOEIjuEUPLiEGtxCHXwgkMAzvMKbkzovzrvzMW8tOPnMIfyB8/kDbcWRSA==</latexit>

MSUSY

SUSY breaking scale

PQ breaking scale

scale of soft SUSY breaking terms
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<latexit sha1_base64="4QzUJTlZngwl+cXa/T3fqhNkspM=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqAcPBUE8VrAf0ISw2W7apZtN3J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz88JUcA2O822V1tY3NrfK25Wd3b39A/vwqK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN3O/M6YKc0T+QiTlPkxGUgecUrASIFte/pJQX43xd5ggKOABHbVqTlz4FXiFqSKCjQD+8vrJzSLmQQqiNY910nBz4kCTgWbVrxMs5TQERmwnqGSxEz7+fzyKT4zSh9HiTIlAc/V3xM5ibWexKHpjAkM9bI3E//zehlE137OZZoBk3SxKMoEhgTPYsB9rhgFMTGEUMXNrZgOiSIUTFgVE4K7/PIqaV/U3Mta/aFebdwUcZTRCTpF58hFV6iB7lETtRBFY/SMXtGblVsv1rv1sWgtWcXMMfoD6/MHCRyTQg==</latexit>p
F � fa

<latexit sha1_base64="xPdAEAHUNT1vqkuUxss1ZEmMRbo=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkqAcPBUE8VrAf0ISw2W7apZtN3J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz88JUcA2O822V1tY3NrfK25Wd3b39A/vwqK2TTFHWoolIVDckmgkuWQs4CNZNFSNxKFgnHN3O/M6YKc0T+QiTlPkxGUgecUrASIFte/pJQX43xZ4QOApIYFedmjMHXiVuQaqoQDOwv7x+QrOYSaCCaN1znRT8nCjgVLBpxcs0SwkdkQHrGSpJzLSfzy+f4jOj9HGUKFMS8Fz9PZGTWOtJHJrOmMBQL3sz8T+vl0F07edcphkwSReLokxgSPAsBtznilEQE0MIVdzciumQKELBhFUxIbjLL6+S9kXNvazVH+rVxk0RRxmdoFN0jlx0hRroHjVRC1E0Rs/oFb1ZufVivVsfi9aSVcwcoz+wPn8AGHGTTA==</latexit>p
F ⌧ fa

saxion and axino are heavy, 

axino is light

<latexit sha1_base64="KJ3xKs8Gpj43HSAakp5tupS9D64=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIqAcPBS9ehEpNW2lC2Gy37dLdTdjdiCXkr3jxoIhX/4g3/43bNgdtfTDweG+GmXlRwqjSjvNtlVZW19Y3ypuVre2d3T17v9pWcSox8XDMYtmNkCKMCuJpqhnpJpIgHjHSicbXU7/zSKSisbjXk4QEHA0FHVCMtJFCu8p9RTm8DTNfctjyWg95aNecujMDXCZuQWqgQDO0v/x+jFNOhMYMKdVznUQHGZKaYkbyip8qkiA8RkPSM1QgTlSQzW7P4bFR+nAQS1NCw5n6eyJDXKkJj0wnR3qkFr2p+J/XS/XgMsioSFJNBJ4vGqQM6hhOg4B9KgnWbGIIwpKaWyEeIYmwNnFVTAju4svLpH1ad8/rZ3dntcZVEUcZHIIjcAJccAEa4AY0gQcweALP4BW8Wbn1Yr1bH/PWklXMHIA/sD5/ADhlk+c=</latexit>

m ⇠ MSUSY

<latexit sha1_base64="hQ9Ox+lWlztPR9wzPFqMH3Ao3Fs=">AAACD3icbVC7TsMwFHXKq5RXgZHFogIxlaSqgIGhEgsLUlFJW9SGyHGc1qrtRLaDVEX9AxZ+hYUBhFhZ2fgb3McAhSNd6eice3XvPUHCqNK2/WXlFhaXllfyq4W19Y3NreL2TlPFqcTExTGLZTtAijAqiKupZqSdSIJ4wEgrGFyM/dY9kYrG4kYPE+Jx1BM0ohhpI/nFQ+5nXU1ZSCAawa6iHF7dVYwmOWy4jdsRPIaRj/xiyS7bE8C/xJmREpih7hc/u2GMU06Exgwp1XHsRHsZkppiRkaFbqpIgvAA9UjHUIE4UV42+WcED4wSwiiWpoSGE/XnRIa4UkMemE6OdF/Ne2PxP6+T6ujMy6hIUk0Eni6KUgZ1DMfhwJBKgjUbGoKwpOZWiPtIIqxNhAUTgjP/8l/SrJSdk3L1ulqqnc/iyIM9sA+OgANOQQ1cgjpwAQYP4Am8gFfr0Xq23qz3aWvOms3sgl+wPr4B0oSbOg==</latexit>

mã ⇠ M2
SUSY/fa

think gravity mediation

think gauge mediation

<latexit sha1_base64="Fpa0FQBgZx98sjU59uGKcBybrp8=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoNgFe4kqIVFwMYygvmAXDj29ibJkt29Y3dPCEdqG/+KjYUitv4CO/+Nm+QKTXww8Hhvhpl5YcKZNq777RRWVtfWN4qbpa3tnd298v5BS8epotCkMY9VJyQaOJPQNMxw6CQKiAg5tMPRzdRvP4DSLJb3ZpxAT5CBZH1GibFSUD4WQeYbxiPAZIJ9zQT2XBf7OPOVwCNoTYJyxa26M+Bl4uWkgnI0gvKXH8U0FSAN5UTrrucmppcRZRjlMCn5qYaE0BEZQNdSSQToXjZ7ZYJPrRLhfqxsSYNn6u+JjAitxyK0nYKYoV70puJ/Xjc1/atexmSSGpB0vqifcmxiPM0FR0wBNXxsCaGK2VsxHRJFqLHplWwI3uLLy6R1XvUuqrW7WqV+ncdRREfoBJ0hD12iOrpFDdREFD2iZ/SK3pwn58V5dz7mrQUnnzlEf+B8/gARBZk2</latexit>

mã ⇠ 100 keV

<latexit sha1_base64="JRpdjZD0lLyElO0WPu9kw1mfw7s=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUm0qAuFggvdCJWattLEMJlO26GTBzMToYQs3fgrblwo4tZPcOffOE2z0NYDFw7n3Mu993gRo0IaxrdWmJtfWFwqLpdWVtfWN/TNraYIY46JhUMW8raHBGE0IJakkpF2xAnyPUZa3vBi7LceCBc0DG7lKCKOj/oB7VGMpJJcfffaTWzuw4bVuEvhOTSN+yNow0y7JM3U1ctGxcgAZ4mZkzLIUXf1L7sb4tgngcQMCdExjUg6CeKSYkbSkh0LEiE8RH3SUTRAPhFOkj2Swn2ldGEv5KoCCTP190SCfCFGvqc6fSQHYtobi/95nVj2Tp2EBlEsSYAni3oxgzKE41Rgl3KCJRspgjCn6laIB4gjLFV2JRWCOf3yLGkeVszjSvWmWq6d5XEUwQ7YAwfABCegBq5AHVgAg0fwDF7Bm/akvWjv2sektaDlM9vgD7TPH0hXl5c=</latexit>

MSUSY = 103 GeV
<latexit sha1_base64="TUs5RbO4J1p5vScwoxCm/gimgzU=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRS1IVCwYUuK9gHNDFMppN26MwkzEyEEoIbf8WNC0Xc+hXu/BunbRbaeuDC4Zx7ufeeMGFUacf5thYWl5ZXVktr5fWNza1te2e3peJUYtLEMYtlJ0SKMCpIU1PNSCeRBPGQkXY4vBr77QciFY3FnR4lxOeoL2hEMdJGCuz9KEDwErrOfeY6OfRg5kkOr0krD+yKU3UmgPPELUgFFGgE9pfXi3HKidCYIaW6rpNoP0NSU8xIXvZSRRKEh6hPuoYKxInys8kLOTwySg9GsTQlNJyovycyxJUa8dB0cqQHatYbi/953VRH535GRZJqIvB0UZQyqGM4zgP2qCRYs5EhCEtqboV4gCTC2qRWNiG4sy/Pk9ZJ1T2t1m5rlfpFEUcJHIBDcAxccAbq4AY0QBNg8AiewSt4s56sF+vd+pi2LljFzB74A+vzBxomlVQ=</latexit>

fa = 1010 GeV
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The 3.5 keV line

1402.4119
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The 3.5 keV line
1402.2301
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A light axino and the 3.5 keV line

<latexit sha1_base64="W97SfA7T8mOyGcJdOkeij/NMg7w="></latexit>

CaB
a

32⇡2fa
g21Bµ⌫B̃

µ⌫ + CãB
ã

16⇡2fa
�µ⌫g

2
1B̃Bµ⌫

R-parity conserving with a massless bino
<latexit sha1_base64="AbvLmL+wY6k6TYfdxrhitn3DJmQ=">AAACD3icbVA9SwNBEN3zM8avqKXNYlAEIdxJUAuLoI1lBPMBuRDmNptkye7dsTunhJB/YONfsbFQxNbWzn/jJrlCEx8MPN6bYWZeEEth0HW/nYXFpeWV1cxadn1jc2s7t7NbNVGiGa+wSEa6HoDhUoS8ggIlr8eagwokrwX967Ffu+faiCi8w0HMmwq6oegIBmilVu7IRyHbnAL1tej2ELSOHmgqXtET6ndBKWjl8m7BnYDOEy8leZKi3Mp9+e2IJYqHyCQY0/DcGJtD0CiY5KOsnxgeA+tDlzcsDUFx0xxO/hnRQ6u0aSfStkKkE/X3xBCUMQMV2E4F2DOz3lj8z2sk2LloDkUYJ8hDNl3USSTFiI7DoW2hOUM5sASYFvZWynqggaGNMGtD8GZfnifV04J3VijeFvOlyzSODNknB+SYeOSclMgNKZMKYeSRPJNX8uY8OS/Ou/MxbV1w0pk98gfO5w9iiZuY</latexit>

ã ! B̃ + �

R-parity violating <latexit sha1_base64="rSNN8yrsoAiRb81BoRGh/CmaO2w=">AAACCnicbVA9SwNBEN3zM8avU0ub1SAIQriToBYWgo1lBJMIuRDmNptkcXfv2J1TQrC28a/YWChi6y+w89+4Sa7Q6IOBx3szzMyLUyksBsGXNzM7N7+wWFgqLq+srq37G5t1m2SG8RpLZGKuY7BcCs1rKFDy69RwULHkjfjmfOQ3brmxItFXOEh5S0FPi65ggE5q+zsRCtnhFGhkRK+PYExyRyOd0QMa9UApaPuloByMQf+SMCclkqPa9j+jTsIyxTUyCdY2wyDF1hAMCib5fTHKLE+B3UCPNx3VoLhtDcev3NM9p3RoNzGuNNKx+nNiCMragYpdpwLs22lvJP7nNTPsnrSGQqcZcs0mi7qZpJjQUS60IwxnKAeOADPC3UpZHwwwdOkVXQjh9Mt/Sf2wHB6VK5eV0tlpHkeBbJNdsk9CckzOyAWpkhph5IE8kRfy6j16z96b9z5pnfHymS3yC97HNwkPmdU=</latexit>

ã ! ⌫ + �

Needed a decay rate 
<latexit sha1_base64="R81tSCCkh5TOTkGDVlYuGmNorYA=">AAACB3icbVDLSsNAFJ3UV62vqEtBBotQF5akFO3CRcGFLivYBzRpmUwn7dCZJMxMhBKyc+OvuHGhiFt/wZ1/47TNQlsPXDiccy/33uNFjEplWd9GbmV1bX0jv1nY2t7Z3TP3D1oyjAUmTRyyUHQ8JAmjAWkqqhjpRIIg7jHS9sbXU7/9QISkYXCvJhFxORoG1KcYKS31zWPnBnGOoCMphyXb6iWVWgodKM96ybmd9s2iVbZmgMvEzkgRZGj0zS9nEOKYk0BhhqTs2lak3AQJRTEjacGJJYkQHqMh6WoaIE6km8z+SOGpVgbQD4WuQMGZ+nsiQVzKCfd0J0dqJBe9qfif142VX3MTGkSxIgGeL/JjBlUIp6HAARUEKzbRBGFB9a0Qj5BAWOnoCjoEe/HlZdKqlO2LcvWuWqxfZXHkwRE4ASVgg0tQB7egAZoAg0fwDF7Bm/FkvBjvxse8NWdkM4fgD4zPH5NclzM=</latexit>

� ⇠ (1028 s)�1 Boyarsky et al., Bulbul et al.  2014
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An unidentified 3.5 keV line from X-ray observations of galaxy clusters has been reported recently. Al-
though still under scrutiny, decaying dark matter could be responsible for this signal. We investigate 
whether an axino with a mass of 7 keV could explain the line, keeping the discussion as model inde-
pendent as possible. We point out several obstacles, which were overlooked in the literature, and which 
make the axino an unlikely candidate. The only viable scenario predicts a light metastable neutralino, 
with a mass between 0.1 and 10 GeV and a lifetime between 10−3 and 104 s.

 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

There has been interest recently in an unidentified 3.5 keV line 
in X-ray observations of galaxy clusters [1,2]. Despite its physi-
cal origin being subject to debate [3–8], there is still some room 
to speculate that decaying dark matter is responsible for this sig-
nal. The first obvious dark matter (DM) candidate in this context 
is a 7 keV sterile neutrino [1], but many other alternatives have 
been proposed. Some authors have pointed out that a decaying 
axino could explain the line [9–12]. In this paper we examine care-
fully the conditions under which a 7 keV axino would produce 
the observed X-ray line. Due to the large number of parameters 
at disposal in supersymmetric models, it is hard to exclude with 
certainty the axino scenario. However we show that various con-
straints leave almost no room available in the parameter space of 
these models. Therefore we deem the axino an unlikely candidate 
to explain the line. The authors of Ref. [13] also mentioned the ax-
ino as an unnatural explanation of the X-ray line. In this work we 
elaborate on the physical arguments that lead to such a conclusion.

There are a few reasons why it is appealing to consider a model 
with a light axino. First, introducing the axion multiplet (axion, ax-
ino, saxion) in models of supersymmetry (SUSY) solves the strong 
CP problem [14]. Second, the axion and the axino can both be 

* Corresponding author.
E-mail addresses: colucci@th.physik.uni-bonn.de (S. Colucci), 

dreiner@th.physik.uni-bonn.de (H.K. Dreiner), florian.staub@cern.ch (F. Staub), 
ubaldi.physics@gmail.com (L. Ubaldi).

DM candidates. Third, if the axino has a mass in the keV range, 
it is warm DM and it could help reconcile some small-scale struc-
ture issues [15–17] of cold DM. In the context of R-parity violating 
(RPV) SUSY [18], a light axino is unstable. Its lifetime is still longer 
than the age of the universe, but it can decay into a neutrino and 
a photon. It is this channel that would produce the 3.5 keV line. 
RPV models also have the virtue of explaining the null-results for 
SUSY searches at the LHC without introducing a little hierarchy 
problem: the limits on the masses of the sparticles become much 
weaker [19–23]. The axino could also produce an X-ray photon in 
R-parity conserving SUSY. This is possible if the lightest neutralino 
is very light or even massless. The axino can then decay into the 
neutralino plus a photon [12]. We comment also on this possibility, 
below.

This letter is organized as follows. In Section 2, we review how 
the axino abundance depends on the reheating temperature, in 
Section 3 we discuss various constraints that the 3.5 keV line puts 
on models with a decaying axino. We conclude in Section 4.

2. Axino relic density

Any supersymmetric model with an axino contains also an ax-
ion. The latter, as an invisible axion, is always a good DM candi-
date, while the former is suitable only if it is sufficiently long lived. 
We are here interested in a scenario where the axino constitutes 
almost the entire DM budget of the universe. This is typically re-
alized for low values of the axion decay constant ( fa ∼ 1010 GeV), 
in which case the axion DM component is suppressed and can be 
neglected. See e.g. Ref. [24] for a review on axion DM.

http://dx.doi.org/10.1016/j.physletb.2015.09.009
0370-2693/ 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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Take home

Wagner’s theorem seems to hold: if you try to explain a possible new physics signal
(also in astrophysics) with RPV SUSY, the signal will go away.

Keep in touch with your friends!

Careful with the look elsewhere effect
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Measuring friendship with Herbi

t

Life after
Herbi

Life before
Herbi meeting

Herbi

realizing
your life

has changed

FH
Expectation: FH > 0 

FU

Only one known exception: FU < 0


