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Coincidence or ‘’Grand unification’’?

Standard Model only
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*α1 = 5/3 αY 

In the SM, SU(3) X SU(2) X U(1) couplings seem to come very close at a scale ~ 1014 GeV
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Coincidence or ‘’Grand unification’’?

Standard Model only
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*α1 = 5/3 αY 

SU(5) Unification in SM?
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Standard Model only
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*α1 = 5/3 αY 
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*α1 = 5/3 αY 
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New Physics
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New Physics
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*α1 = 5/3 αY + 
New Physics

+ 
New Physics

[Ibe ’09], [Aizawa, Ibe, Kaneta `16], [Mahbubani, Senatore`06], [Harigaya et. Al.`16], [Antipin et. al.`15], [Di Luzio, 
Tamarit, Ringwald ’18], [Perez, Murgui, Plascencia ’19], [Ernst, Ringwald, Tamarit ’18] [Gherghetta, Murayama, Quilez 
’25]… 

Can a dark sector give good unification and a dark matter? 

https://arxiv.org/abs/0906.4667
https://arxiv.org/abs/1411.6044
https://arxiv.org/abs/hep-ph/0510064
https://arxiv.org/abs/1606.00923
https://arxiv.org/abs/1503.08749
https://arxiv.org/abs/1807.09769
https://arxiv.org/abs/1807.09769
https://arxiv.org/abs/1911.05738
https://arxiv.org/pdf/1801.04906
https://inspirehep.net/literature/2921227
https://inspirehep.net/literature/2921227
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*α1 = 5/3 αY + 
New Physics

+ 
New Physics

Can a dark sector give good unification and a dark matter? 
accidentally stable

 [Antipin et. al.`15][Bottaro, Contino, SV `24] Bottaro, Contino, SV [In prep]

https://arxiv.org/abs/1503.08749
https://arxiv.org/pdf/2407.20591
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accidentally stable
Can a dark sector give good unification and a dark matter? 
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Visible             

accidentally stable
Can a dark sector give good unification and a dark matter? 
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Could            

accidentally stable
Can a dark sector give good unification and a dark matter? 



Standard 
Strongly  

Dark 

SM gauge 

New sector with  new matter and new gauge dynamics

𝒢SM × 𝒢DC
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Composite DM theories

[Bai, Schwaller ’14], [Okun ’80], [Kribs, Roy, Terning, Zurek ‘ 10], [Hambye, Tytgat ’10], [Bai, Hill ’10], [Frigerio, Pomarol, Riva, Urbano ’12], [Buckley, Neil ’13],  
[Antipin, Redi, Strumia, Vigiani `15], [Yamanaka, Fujibayashi, Gongyo, Iida ’14], [Appelquist ‘ 15], [Carmona, Chala ’15], [Soni, Zhang ’16],  [De Luca, Mitridate, Redi, 

Smirnov, Strumia ’18], [Kribs, Martin, Tong ’19],[Contino, Podo, Revello ’21], [Dondi, Sannino, Smirnov ’20]…
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Dark Colour

SU(N)DC (or SO(N)DC)

Dark Colour confinement
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GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

Vectorlike confinement 
[Kilic, Okui, Sundrum ’10]
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GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)
Light dark fermions

Vectorlike confinement 
[Kilic, Okui, Sundrum ’10]
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Qr ⌘ (⇤, RSM)Dark Dirac fermions

[Antipin et. al.`15]

https://arxiv.org/abs/0906.0577
https://arxiv.org/abs/1503.08749
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GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)

dark baryons

Large N limit [Witten ’79]

mDB ∼ NDCΛDC +
αSM

4π
ΛDC

https://inspirehep.net/literature/140391
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)

dark baryons lightest baryon is SM neutral!

mDB ∼ NDCΛDC +
αSM

4π
ΛDC

Large N limit [Witten ’79]

https://inspirehep.net/literature/140391
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)

dark mesons
<latexit sha1_base64="EC3jEc4dqp6WQBJKlxqZdfwR7Qs="></latexit>

m2
⇡D

⇠ a m⇤DC + b
↵SM

4⇡
⇤2
DC

Stabilized by dark baryon number
<latexit sha1_base64="XodhVNaqVciptLFs8Oa4+g3P4Xg="></latexit>

B = (QQ...Q)

<latexit sha1_base64="vfM9s1QWvncrAQyFfNFNHCaZm8Q="></latexit>

Ldark = � 1

4g2DC

(GA
µ⌫)

2 + Q̄r(i�
µ
Dµ �m)Qr � yrsQ̄rHQs

<latexit sha1_base64="VZH6/uLokU36dDHTy3+66J8Boa0="></latexit>

Qr,s ! ei✓Qr,sU(1)DB :
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)

dark mesons
<latexit sha1_base64="EC3jEc4dqp6WQBJKlxqZdfwR7Qs="></latexit>

m2
⇡D

⇠ a m⇤DC + b
↵SM

4⇡
⇤2
DC

Stabilized by dark baryon number
<latexit sha1_base64="XodhVNaqVciptLFs8Oa4+g3P4Xg="></latexit>

B = (QQ...Q)

<latexit sha1_base64="vfM9s1QWvncrAQyFfNFNHCaZm8Q="></latexit>

Ldark = � 1

4g2DC

(GA
µ⌫)

2 + Q̄r(i�
µ
Dµ �m)Qr � yrsQ̄rHQs

<latexit sha1_base64="VZH6/uLokU36dDHTy3+66J8Boa0="></latexit>

Qr,s ! ei✓Qr,sU(1)DB :
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)

dark mesons (or pions)
pseusdo-NGBs 



27

<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)

dark mesons (or pions)
<latexit sha1_base64="avtfQbdQaWQ4cjyeSVCeG3Koj9M="></latexit>

m2
⇡D

⇠ ⇤DC m+
↵SM

4⇡
⇤2
DC
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)

dark baryons
<latexit sha1_base64="bXLsNa+KCOQpa+ZknOWANd+TYqo=">AAACFHicjVDLSgMxFM34rPU16tJNsAiCUKYi1WVpXbgQqWAf0BmGTCbThiaZIckIZehHuPFX3LhQxK0Ld/6NaTuIioIHAueec+9NcoKEUaUd592am19YXFourBRX19Y3Nu2t7baKU4lJC8cslt0AKcKoIC1NNSPdRBLEA0Y6wbAx8Ts3RCoai2s9SojHUV/QiGKkjeTbh9zPXMnhWX0MXUU5vMzrhqkvzJ4QfQq+XaqUnSng36QEcjR9+80NY5xyIjRmSKlexUm0lyGpKWZkXHRTRRKEh6hPeoYKxInysumnxnDfKCGMYmmO0HCqfp3IEFdqxAPTyZEeqJ/eRPzN66U6OvUyKpJUE4FnF0UpgzqGk4RgSCXBmo0MQVhS81aIB0girE2Oxf+F0D4qV6rl6tVxqVbP4yiAXbAHDkAFnIAaOAdN0AIY3IJ78AierDvrwXq2Xmatc1Y+swO+wXr9AMxknW4=</latexit>

mDB ⇠ NDC⇤DC

Large N limit [Witten ’79]

Stabilized by species number

<latexit sha1_base64="vfM9s1QWvncrAQyFfNFNHCaZm8Q="></latexit>

Ldark = � 1

4g2DC

(GA
µ⌫)

2 + Q̄r(i�
µ
Dµ �m)Qr � yrsQ̄rHQs

<latexit sha1_base64="n9u0PrZ4HNSo08HUT5siCCkzyOE="></latexit>

Qr ! ei✓rQr

<latexit sha1_base64="Z37AcIapF1Sd+B2gcibbbb3dIWI="></latexit>

⇡ = Q̄rQs

U(1)Sp. :
<latexit sha1_base64="37Z6WiHoPbUFN1hcFtAGKEtIkkM=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4Gma0ndZd0Y3LFuwD2jpk0ts2NPMgyQhl6F+48VfcuFDEre78GzNtBSt6IHA4515yz/EizqSyrE8js7K6tr6R3cxtbe/s7uX3D5oyjAWFBg15KNoekcBZAA3FFId2JID4HoeWN75K/dYdCMnC4EZNIuj5ZBiwAaNEacnNm12fqBElPKlPXYm7KsRwmzBNRqCIK6d4acDNFyyz6FzYloVTYpUrKSnZ55WSg23TmqGAFqi5+Y9uP6SxD4GinEjZsa1I9RIiFKMcprluLCEidEyG0NE0ID7IXjLLNcUnWunjQSj0CxSeqT83EuJLOfE9PZkeKX97qfiX14nVoNJLWBDFCgI6/2gQc6zTpyXhPhNAFZ9oQqhg+lZMR0QQqnSVOV3Cd1L8P2membZjOvVioXq5qCOLjtAxOkU2KqMqukY11EAU3aNH9IxejAfjyXg13uajGWOxc4iWYLx/ASAsoJQ=</latexit>

Qs ! ei✓sQs

https://inspirehep.net/literature/140391
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

[Bottaro, Contino, SV `24]

https://arxiv.org/pdf/2407.20591
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

GUT breaking

<latexit sha1_base64="y21mk3RYZjXTYMYvpFbtgPJhBEY=">AAAB/XicjVDJSgNBEK2JW4zbuNy8NAbBQwgzIUYvQtCLxyhmgWQIPZ2epElPz9DdI8Qh+CtePCji1f/w5t/YWQ4qCj4o6vFeFVU8P+ZMacf5sDILi0vLK9nV3Nr6xuaWvb3TUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJj4zVsqFYvEjR7F1AtxX7CAEayN1LX3rtEZcgvouIBcx5TppXLXzrtFZwr0N8nDHLWu/d7pRSQJqdCEY6XarhNrL8VSM8LpONdJFI0xGeI+bRsqcEiVl06/H6NDo/RQEElTQqOp+nUjxaFSo9A3kyHWA/XTm4i/ee1EB6deykScaCrI7FCQcKQjNIkC9ZikRPORIZhIZn5FZIAlJtoElvtfCI1S0a0UK1flfPV8HkcW9uEAjsCFE6jCJdSgDgTu4AGe4Nm6tx6tF+t1Npqx5ju78A3W2yf7eJET</latexit>

R = 1, 5, 10, 15, 24
<latexit sha1_base64="IE32lhd0C+Mom5k3vTXXS9Aq0wE=">AAACAXicjVDJSgNBEO2JW4zbqBfBS2MQIkjIiESPQS8eo5gFMkPo6dQkTXqW9BIIQ7z4K148KOLVv/Dm39hZDioKPih4vFdFVT0/4UyqUunDyiwsLi2vZFdza+sbm1v29k5dxlpQqNGYx6LpEwmcRVBTTHFoJgJI6HNo+P3Lid8YgpAsjm7VKAEvJN2IBYwSZaS2vedWJcMuDDQb4oIrB5oIOMY3R2077xRLU+C/SR7NUW3b724npjqESFFOpGw5pUR5KRGKUQ7jnKslJIT2SRdahkYkBOml0w/G+NAoHRzEwlSk8FT9OpGSUMpR6JvOkKie/OlNxN+8llbBuZeyKNEKIjpbFGiOVYwnceAOE0AVHxlCqGDmVkx7RBCqTGi5/4VQPyk65WL5+jRfuZjHkUX76AAVkIPOUAVdoSqqIYru0AN6Qs/WvfVovVivs9aMNZ/ZRd9gvX0CxuWV0w==</latexit>

 ⌘ (⇤, R)

[Bottaro, Contino, SV `24]

https://arxiv.org/pdf/2407.20591
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)
<latexit sha1_base64="y21mk3RYZjXTYMYvpFbtgPJhBEY=">AAAB/XicjVDJSgNBEK2JW4zbuNy8NAbBQwgzIUYvQtCLxyhmgWQIPZ2epElPz9DdI8Qh+CtePCji1f/w5t/YWQ4qCj4o6vFeFVU8P+ZMacf5sDILi0vLK9nV3Nr6xuaWvb3TUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJj4zVsqFYvEjR7F1AtxX7CAEayN1LX3rtEZcgvouIBcx5TppXLXzrtFZwr0N8nDHLWu/d7pRSQJqdCEY6XarhNrL8VSM8LpONdJFI0xGeI+bRsqcEiVl06/H6NDo/RQEElTQqOp+nUjxaFSo9A3kyHWA/XTm4i/ee1EB6deykScaCrI7FCQcKQjNIkC9ZikRPORIZhIZn5FZIAlJtoElvtfCI1S0a0UK1flfPV8HkcW9uEAjsCFE6jCJdSgDgTu4AGe4Nm6tx6tF+t1Npqx5ju78A3W2yf7eJET</latexit>

R = 1, 5, 10, 15, 24
<latexit sha1_base64="c++WLabkrT2+h3flRwKU+0DtcHM=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegF48RzQOTJcxOepMhM7PLzKwQlvyFFw+KePVvvPk3Th4HFQULGoqqbrq7wkRwY33/w8stLa+sruXXCxubW9s7xd29polTzbDBYhHrdkgNCq6wYbkV2E40UhkKbIWjy6nfukdteKxu7TjBQNKB4hFn1DrprnvDB5L2Mj3pFUuVsj8D+ZuUYIF6r/je7ccslagsE9SYTsVPbJBRbTkTOCl0U4MJZSM6wI6jiko0QTa7eEKOnNInUaxdKUtm6teJjEpjxjJ0nZLaofnpTcXfvE5qo/Mg4ypJLSo2XxSlgtiYTN8nfa6RWTF2hDLN3a2EDammzLqQCv8LoXlSrlTL1evTUu1iEUceDuAQjqECZ1CDK6hDAxgoeIAnePaM9+i9eK/z1py3mNmHb/DePgHHpJEC</latexit>

⌃r
Remaining GUT reps?

<latexit sha1_base64="+RPafpDGfwCjnN6QdtOZQ5XgfBQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKJB6DXrwICZgHJEuYnfQmY2Znl5lZISz5Ai8eFPHqJ3nzb5w8DioKFjQUVd10dwWJ4Nq47oeTW1ldW9/Ibxa2tnd294r7By0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9mfvseleaxvDWTBP2IDiUPOaPGSo2bfrHkld05yN+kBEvU+8X33iBmaYTSMEG17npuYvyMKsOZwGmhl2pMKBvTIXYtlTRC7WfzQ6fkxCoDEsbKljRkrn6dyGik9SQKbGdEzUj/9Gbib143NeGFn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNoX/hdA6K3uVcqVxXqpdLuPIwxEcwyl4UIUaXEMdmsAA4QGe4Nm5cx6dF+d10ZpzljOH8A3O2yetBIzf</latexit>

M

[Bottaro, Contino, SV `24]

https://arxiv.org/pdf/2407.20591
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)
<latexit sha1_base64="y21mk3RYZjXTYMYvpFbtgPJhBEY=">AAAB/XicjVDJSgNBEK2JW4zbuNy8NAbBQwgzIUYvQtCLxyhmgWQIPZ2epElPz9DdI8Qh+CtePCji1f/w5t/YWQ4qCj4o6vFeFVU8P+ZMacf5sDILi0vLK9nV3Nr6xuaWvb3TUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJj4zVsqFYvEjR7F1AtxX7CAEayN1LX3rtEZcgvouIBcx5TppXLXzrtFZwr0N8nDHLWu/d7pRSQJqdCEY6XarhNrL8VSM8LpONdJFI0xGeI+bRsqcEiVl06/H6NDo/RQEElTQqOp+nUjxaFSo9A3kyHWA/XTm4i/ee1EB6deykScaCrI7FCQcKQjNIkC9ZikRPORIZhIZn5FZIAlJtoElvtfCI1S0a0UK1flfPV8HkcW9uEAjsCFE6jCJdSgDgTu4AGe4Nm6tx6tF+t1Npqx5ju78A3W2yf7eJET</latexit>

R = 1, 5, 10, 15, 24
<latexit sha1_base64="c++WLabkrT2+h3flRwKU+0DtcHM=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegF48RzQOTJcxOepMhM7PLzKwQlvyFFw+KePVvvPk3Th4HFQULGoqqbrq7wkRwY33/w8stLa+sruXXCxubW9s7xd29polTzbDBYhHrdkgNCq6wYbkV2E40UhkKbIWjy6nfukdteKxu7TjBQNKB4hFn1DrprnvDB5L2Mj3pFUuVsj8D+ZuUYIF6r/je7ccslagsE9SYTsVPbJBRbTkTOCl0U4MJZSM6wI6jiko0QTa7eEKOnNInUaxdKUtm6teJjEpjxjJ0nZLaofnpTcXfvE5qo/Mg4ypJLSo2XxSlgtiYTN8nfa6RWTF2hDLN3a2EDammzLqQCv8LoXlSrlTL1evTUu1iEUceDuAQjqECZ1CDK6hDAxgoeIAnePaM9+i9eK/z1py3mNmHb/DePgHHpJEC</latexit>

⌃r
Remaining GUT reps?

<latexit sha1_base64="+RPafpDGfwCjnN6QdtOZQ5XgfBQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKJB6DXrwICZgHJEuYnfQmY2Znl5lZISz5Ai8eFPHqJ3nzb5w8DioKFjQUVd10dwWJ4Nq47oeTW1ldW9/Ibxa2tnd294r7By0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9mfvseleaxvDWTBP2IDiUPOaPGSo2bfrHkld05yN+kBEvU+8X33iBmaYTSMEG17npuYvyMKsOZwGmhl2pMKBvTIXYtlTRC7WfzQ6fkxCoDEsbKljRkrn6dyGik9SQKbGdEzUj/9Gbib143NeGFn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNoX/hdA6K3uVcqVxXqpdLuPIwxEcwyl4UIUaXEMdmsAA4QGe4Nm5cx6dF+d10ZpzljOH8A3O2yetBIzf</latexit>

M

[Bottaro, Contino, SV `24]

https://arxiv.org/pdf/2407.20591
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)
<latexit sha1_base64="y21mk3RYZjXTYMYvpFbtgPJhBEY=">AAAB/XicjVDJSgNBEK2JW4zbuNy8NAbBQwgzIUYvQtCLxyhmgWQIPZ2epElPz9DdI8Qh+CtePCji1f/w5t/YWQ4qCj4o6vFeFVU8P+ZMacf5sDILi0vLK9nV3Nr6xuaWvb3TUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJj4zVsqFYvEjR7F1AtxX7CAEayN1LX3rtEZcgvouIBcx5TppXLXzrtFZwr0N8nDHLWu/d7pRSQJqdCEY6XarhNrL8VSM8LpONdJFI0xGeI+bRsqcEiVl06/H6NDo/RQEElTQqOp+nUjxaFSo9A3kyHWA/XTm4i/ee1EB6deykScaCrI7FCQcKQjNIkC9ZikRPORIZhIZn5FZIAlJtoElvtfCI1S0a0UK1flfPV8HkcW9uEAjsCFE6jCJdSgDgTu4AGe4Nm6tx6tF+t1Npqx5ju78A3W2yf7eJET</latexit>

R = 1, 5, 10, 15, 24
<latexit sha1_base64="c++WLabkrT2+h3flRwKU+0DtcHM=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegF48RzQOTJcxOepMhM7PLzKwQlvyFFw+KePVvvPk3Th4HFQULGoqqbrq7wkRwY33/w8stLa+sruXXCxubW9s7xd29polTzbDBYhHrdkgNCq6wYbkV2E40UhkKbIWjy6nfukdteKxu7TjBQNKB4hFn1DrprnvDB5L2Mj3pFUuVsj8D+ZuUYIF6r/je7ccslagsE9SYTsVPbJBRbTkTOCl0U4MJZSM6wI6jiko0QTa7eEKOnNInUaxdKUtm6teJjEpjxjJ0nZLaofnpTcXfvE5qo/Mg4ypJLSo2XxSlgtiYTN8nfa6RWTF2hDLN3a2EDammzLqQCv8LoXlSrlTL1evTUu1iEUceDuAQjqECZ1CDK6hDAxgoeIAnePaM9+i9eK/z1py3mNmHb/DePgHHpJEC</latexit>

⌃r
Remaining GUT reps?

<latexit sha1_base64="+RPafpDGfwCjnN6QdtOZQ5XgfBQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKJB6DXrwICZgHJEuYnfQmY2Znl5lZISz5Ai8eFPHqJ3nzb5w8DioKFjQUVd10dwWJ4Nq47oeTW1ldW9/Ibxa2tnd294r7By0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9mfvseleaxvDWTBP2IDiUPOaPGSo2bfrHkld05yN+kBEvU+8X33iBmaYTSMEG17npuYvyMKsOZwGmhl2pMKBvTIXYtlTRC7WfzQ6fkxCoDEsbKljRkrn6dyGik9SQKbGdEzUj/9Gbib143NeGFn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNoX/hdA6K3uVcqVxXqpdLuPIwxEcwyl4UIUaXEMdmsAA4QGe4Nm5cx6dF+d10ZpzljOH8A3O2yetBIzf</latexit>

M

GUT hadrons should decay before BBN (big bang nucleosysnthesis)! 

[Bottaro, Contino, SV `24]

τ ≲ tBBN ∼ 1 s

https://arxiv.org/pdf/2407.20591


Split spectrum allows GUT hadrons to decay before BBN! 
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)
<latexit sha1_base64="y21mk3RYZjXTYMYvpFbtgPJhBEY=">AAAB/XicjVDJSgNBEK2JW4zbuNy8NAbBQwgzIUYvQtCLxyhmgWQIPZ2epElPz9DdI8Qh+CtePCji1f/w5t/YWQ4qCj4o6vFeFVU8P+ZMacf5sDILi0vLK9nV3Nr6xuaWvb3TUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJj4zVsqFYvEjR7F1AtxX7CAEayN1LX3rtEZcgvouIBcx5TppXLXzrtFZwr0N8nDHLWu/d7pRSQJqdCEY6XarhNrL8VSM8LpONdJFI0xGeI+bRsqcEiVl06/H6NDo/RQEElTQqOp+nUjxaFSo9A3kyHWA/XTm4i/ee1EB6deykScaCrI7FCQcKQjNIkC9ZikRPORIZhIZn5FZIAlJtoElvtfCI1S0a0UK1flfPV8HkcW9uEAjsCFE6jCJdSgDgTu4AGe4Nm6tx6tF+t1Npqx5ju78A3W2yf7eJET</latexit>

R = 1, 5, 10, 15, 24
<latexit sha1_base64="c++WLabkrT2+h3flRwKU+0DtcHM=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegF48RzQOTJcxOepMhM7PLzKwQlvyFFw+KePVvvPk3Th4HFQULGoqqbrq7wkRwY33/w8stLa+sruXXCxubW9s7xd29polTzbDBYhHrdkgNCq6wYbkV2E40UhkKbIWjy6nfukdteKxu7TjBQNKB4hFn1DrprnvDB5L2Mj3pFUuVsj8D+ZuUYIF6r/je7ccslagsE9SYTsVPbJBRbTkTOCl0U4MJZSM6wI6jiko0QTa7eEKOnNInUaxdKUtm6teJjEpjxjJ0nZLaofnpTcXfvE5qo/Mg4ypJLSo2XxSlgtiYTN8nfa6RWTF2hDLN3a2EDammzLqQCv8LoXlSrlTL1evTUu1iEUceDuAQjqECZ1CDK6hDAxgoeIAnePaM9+i9eK/z1py3mNmHb/DePgHHpJEC</latexit>

⌃r
Remaining GUT reps?

<latexit sha1_base64="+RPafpDGfwCjnN6QdtOZQ5XgfBQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKJB6DXrwICZgHJEuYnfQmY2Znl5lZISz5Ai8eFPHqJ3nzb5w8DioKFjQUVd10dwWJ4Nq47oeTW1ldW9/Ibxa2tnd294r7By0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9mfvseleaxvDWTBP2IDiUPOaPGSo2bfrHkld05yN+kBEvU+8X33iBmaYTSMEG17npuYvyMKsOZwGmhl2pMKBvTIXYtlTRC7WfzQ6fkxCoDEsbKljRkrn6dyGik9SQKbGdEzUj/9Gbib143NeGFn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNoX/hdA6K3uVcqVxXqpdLuPIwxEcwyl4UIUaXEMdmsAA4QGe4Nm5cx6dF+d10ZpzljOH8A3O2yetBIzf</latexit>

M

<latexit sha1_base64="sdbTG0fKLysaEq4R+6nsm9PIaMw=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3Tp7ibsToQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyRSWHTdD6e0srq2vlHerGxt7+zuVfcPOjZODeNtFsvY9AJquRSat1Gg5L3EcKoCybvB5Lrwu/fcWBHrO5wm3Fc00iIUjGIhDaKoMqzWvLo7B/mb1GCJ1rD6PhjFLFVcI5PU2r7nJuhn1KBgks8qg9TyhLIJjXg/p5oqbv1sfuuMnOTKiISxyUsjmatfJzKqrJ2qIO9UFMf2p1eIv3n9FMNLPxM6SZFrtlgUppJgTIrHyUgYzlBOc0KZEfmthI2poQzzeP4ZQues7jXqjdvzWvNqGUcZjuAYTsGDC2jCDbSgDQzG8ABP8Owo59F5cV4XrSVnOXMI3+C8fQJ8OY3k</latexit>

�

[Bottaro, Contino, SV `24]

τ ≲ tBBN ∼ 1 s

https://arxiv.org/pdf/2407.20591


Split spectrum also needed for better gauge coupling unification
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)
<latexit sha1_base64="y21mk3RYZjXTYMYvpFbtgPJhBEY=">AAAB/XicjVDJSgNBEK2JW4zbuNy8NAbBQwgzIUYvQtCLxyhmgWQIPZ2epElPz9DdI8Qh+CtePCji1f/w5t/YWQ4qCj4o6vFeFVU8P+ZMacf5sDILi0vLK9nV3Nr6xuaWvb3TUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJj4zVsqFYvEjR7F1AtxX7CAEayN1LX3rtEZcgvouIBcx5TppXLXzrtFZwr0N8nDHLWu/d7pRSQJqdCEY6XarhNrL8VSM8LpONdJFI0xGeI+bRsqcEiVl06/H6NDo/RQEElTQqOp+nUjxaFSo9A3kyHWA/XTm4i/ee1EB6deykScaCrI7FCQcKQjNIkC9ZikRPORIZhIZn5FZIAlJtoElvtfCI1S0a0UK1flfPV8HkcW9uEAjsCFE6jCJdSgDgTu4AGe4Nm6tx6tF+t1Npqx5ju78A3W2yf7eJET</latexit>

R = 1, 5, 10, 15, 24
<latexit sha1_base64="c++WLabkrT2+h3flRwKU+0DtcHM=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegF48RzQOTJcxOepMhM7PLzKwQlvyFFw+KePVvvPk3Th4HFQULGoqqbrq7wkRwY33/w8stLa+sruXXCxubW9s7xd29polTzbDBYhHrdkgNCq6wYbkV2E40UhkKbIWjy6nfukdteKxu7TjBQNKB4hFn1DrprnvDB5L2Mj3pFUuVsj8D+ZuUYIF6r/je7ccslagsE9SYTsVPbJBRbTkTOCl0U4MJZSM6wI6jiko0QTa7eEKOnNInUaxdKUtm6teJjEpjxjJ0nZLaofnpTcXfvE5qo/Mg4ypJLSo2XxSlgtiYTN8nfa6RWTF2hDLN3a2EDammzLqQCv8LoXlSrlTL1evTUu1iEUceDuAQjqECZ1CDK6hDAxgoeIAnePaM9+i9eK/z1py3mNmHb/DePgHHpJEC</latexit>

⌃r
Remaining GUT reps?

<latexit sha1_base64="+RPafpDGfwCjnN6QdtOZQ5XgfBQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKJB6DXrwICZgHJEuYnfQmY2Znl5lZISz5Ai8eFPHqJ3nzb5w8DioKFjQUVd10dwWJ4Nq47oeTW1ldW9/Ibxa2tnd294r7By0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9mfvseleaxvDWTBP2IDiUPOaPGSo2bfrHkld05yN+kBEvU+8X33iBmaYTSMEG17npuYvyMKsOZwGmhl2pMKBvTIXYtlTRC7WfzQ6fkxCoDEsbKljRkrn6dyGik9SQKbGdEzUj/9Gbib143NeGFn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNoX/hdA6K3uVcqVxXqpdLuPIwxEcwyl4UIUaXEMdmsAA4QGe4Nm5cx6dF+d10ZpzljOH8A3O2yetBIzf</latexit>

M

<latexit sha1_base64="sdbTG0fKLysaEq4R+6nsm9PIaMw=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ae0oWy2m3Tp7ibsToQS+he8eFDEq3/Im//GpO1BRcEHA4/3ZpiZFyRSWHTdD6e0srq2vlHerGxt7+zuVfcPOjZODeNtFsvY9AJquRSat1Gg5L3EcKoCybvB5Lrwu/fcWBHrO5wm3Fc00iIUjGIhDaKoMqzWvLo7B/mb1GCJ1rD6PhjFLFVcI5PU2r7nJuhn1KBgks8qg9TyhLIJjXg/p5oqbv1sfuuMnOTKiISxyUsjmatfJzKqrJ2qIO9UFMf2p1eIv3n9FMNLPxM6SZFrtlgUppJgTIrHyUgYzlBOc0KZEfmthI2poQzzeP4ZQues7jXqjdvzWvNqGUcZjuAYTsGDC2jCDbSgDQzG8ABP8Owo59F5cV4XrSVnOXMI3+C8fQJ8OY3k</latexit>

�

[Bottaro, Contino, SV `24]

<latexit sha1_base64="wlQCgknsa5+1qosydledGjXkH7c="></latexit>

�L = �bLi log
M

⇤DC

https://arxiv.org/pdf/2407.20591


GUT partners?
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<latexit sha1_base64="LiGDAbNHeNR25TcHH5kb/w8QiT0=">AAAB7XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegFy9CBPOAZAmzk9lkzOzMMtMrhCX/4MWDIl79H2/+jZPHQUXBgoaiqpvurjCRwqLvf3i5peWV1bX8emFjc2t7p7i717Q6NYw3mJbatENquRSKN1Cg5O3EcBqHkrfC0eXUb91zY4VWtzhOeBDTgRKRYBSd1LzuZXU56RVLlbI/A/mblGCBeq/43u1rlsZcIZPU2k7FTzDIqEHBJJ8UuqnlCWUjOuAdRxWNuQ2y2bUTcuSUPom0caWQzNSvExmNrR3HoeuMKQ7tT28q/uZ1UozOg0yoJEWu2HxRlEqCmkxfJ31hOEM5doQyI9ythA2poQxdQIX/hdA8KVeq5erNaal2sYgjDwdwCMdQgTOowRXUoQEM7uABnuDZ096j9+K9zltz3mJmH77Be/sEkA6PJA==</latexit>

MPl

<latexit sha1_base64="hoh/C8S3X2aGDe3FEV/U6gdXwUY=">AAACI3icjVDLSsNAFJ3UV62vqEs3g0VoNyWpUsVV0YVuhEpNKzQhTKaTdujk4cykUEL/xY2/4saFUty48F+ctEVUFDwwcO4593LnHi9mVEjDeNNyC4tLyyv51cLa+sbmlr690xJRwjGxcMQifushQRgNiSWpZOQ25gQFHiNtb3Ce+e0h4YJG4Y0cxcQJUC+kPsVIKsnVT+0AyT5GLL0Yu6nNA9i8GkOb3CV0CJtW6bAMbUkDIrKi+llYJbPs6kWzYkwB/yZFMEfD1Sd2N8JJQEKJGRKiYxqxdFLEJcWMjAt2IkiM8AD1SEfREKlNTjq9cQwPlNKFfsTVCyWcql8nUhQIMQo81ZldJH56mfib10mkf+KkNIwTSUI8W+QnDMoIZoHBLuUESzZSBGFO1V8h7iOOsFSxFv4XQqtaMWuV2vVRsX42jyMP9sA+KAETHIM6uAQNYAEM7sEjeAYv2oP2pE2011lrTpvP7IJv0N4/AGkdojQ=</latexit>

GSM ⌘ SU(3)⇥ SU(2)⇥ U(1)

<latexit sha1_base64="VNCTODZ8ljZZav4M3eFHNL4SorM=">AAACFHicjVBNS8NAEN3Ur1q/oh69LBahopRGpHosevEitGproQlhs520Szcf3d0USsiP8OJf8eJBEa8evPlvTNoeVBR8MPB4b4aZeU7ImVSVyoeWm5tfWFzKLxdWVtfWN/TNrZYMIkGhSQMeiLZDJHDmQ1MxxaEdCiCew+HWGZxn/u0IhGSBf6PGIVge6fnMZZSoVLL1A9Mjqk8JjxuJLbAJw4iNcMmUw4gIOMRXdmwKD19fJvvY1otGuTIB/psU0Qx1W383uwGNPPAV5UTKjlEJlRUToRjlkBTMSEJI6ID0oJNSn3ggrXjyVIL3UqWL3UCk5Ss8Ub9OxMSTcuw5aWf2gvzpZeJvXidS7qkVMz+MFPh0usiNOFYBzhLCXSaAKj5OCaGCpbdi2ieCUJXmWPhfCK2jslEtVxvHxdrZLI482kG7qIQMdIJq6ALVURNRdIce0BN61u61R+1Fe5225rTZzDb6Bu3tE3Lxncs=</latexit>

Qr ⌘ (⇤, RSM)
<latexit sha1_base64="y21mk3RYZjXTYMYvpFbtgPJhBEY=">AAAB/XicjVDJSgNBEK2JW4zbuNy8NAbBQwgzIUYvQtCLxyhmgWQIPZ2epElPz9DdI8Qh+CtePCji1f/w5t/YWQ4qCj4o6vFeFVU8P+ZMacf5sDILi0vLK9nV3Nr6xuaWvb3TUFEiCa2TiEey5WNFORO0rpnmtBVLikOf06Y/vJj4zVsqFYvEjR7F1AtxX7CAEayN1LX3rtEZcgvouIBcx5TppXLXzrtFZwr0N8nDHLWu/d7pRSQJqdCEY6XarhNrL8VSM8LpONdJFI0xGeI+bRsqcEiVl06/H6NDo/RQEElTQqOp+nUjxaFSo9A3kyHWA/XTm4i/ee1EB6deykScaCrI7FCQcKQjNIkC9ZikRPORIZhIZn5FZIAlJtoElvtfCI1S0a0UK1flfPV8HkcW9uEAjsCFE6jCJdSgDgTu4AGe4Nm6tx6tF+t1Npqx5ju78A3W2yf7eJET</latexit>

R = 1, 5, 10, 15, 24
<latexit sha1_base64="c++WLabkrT2+h3flRwKU+0DtcHM=">AAAB8XicjVDLSgNBEOyNrxhfUY9eBoPgKWxEosegF48RzQOTJcxOepMhM7PLzKwQlvyFFw+KePVvvPk3Th4HFQULGoqqbrq7wkRwY33/w8stLa+sruXXCxubW9s7xd29polTzbDBYhHrdkgNCq6wYbkV2E40UhkKbIWjy6nfukdteKxu7TjBQNKB4hFn1DrprnvDB5L2Mj3pFUuVsj8D+ZuUYIF6r/je7ccslagsE9SYTsVPbJBRbTkTOCl0U4MJZSM6wI6jiko0QTa7eEKOnNInUaxdKUtm6teJjEpjxjJ0nZLaofnpTcXfvE5qo/Mg4ypJLSo2XxSlgtiYTN8nfa6RWTF2hDLN3a2EDammzLqQCv8LoXlSrlTL1evTUu1iEUceDuAQjqECZ1CDK6hDAxgoeIAnePaM9+i9eK/z1py3mNmHb/DePgHHpJEC</latexit>

⌃r
Remaining GUT reps?

<latexit sha1_base64="+RPafpDGfwCjnN6QdtOZQ5XgfBQ=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKJB6DXrwICZgHJEuYnfQmY2Znl5lZISz5Ai8eFPHqJ3nzb5w8DioKFjQUVd10dwWJ4Nq47oeTW1ldW9/Ibxa2tnd294r7By0dp4phk8UiVp2AahRcYtNwI7CTKKRRILAdjK9mfvseleaxvDWTBP2IDiUPOaPGSo2bfrHkld05yN+kBEvU+8X33iBmaYTSMEG17npuYvyMKsOZwGmhl2pMKBvTIXYtlTRC7WfzQ6fkxCoDEsbKljRkrn6dyGik9SQKbGdEzUj/9Gbib143NeGFn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNoX/hdA6K3uVcqVxXqpdLuPIwxEcwyl4UIUaXEMdmsAA4QGe4Nm5cx6dF+d10ZpzljOH8A3O2yetBIzf</latexit>

M

<latexit sha1_base64="lQdXDyJTi7zFtS2cOO1Bq4XL1ng=">AAACCXicjVDLSsNAFL3xWesr6tLNYBEEoSSi1Y1QdONGqGgf0IQwmU7boTNJmJkIJWTrxl9x40IRt/6BO//G6WOhouCBC4dz7uXee8KEM6Ud58OamZ2bX1gsLBWXV1bX1u2NzYaKU0loncQ8lq0QK8pZROuaaU5biaRYhJw2w8H5yG/eUqlYHN3oYUJ9gXsR6zKCtZECG3k1xYLMkwJdX+boFHkhltlRjvaR6yDPKwZ2yS07Y6C/SQmmqAX2u9eJSSpopAnHSrVdJ9F+hqVmhNO86KWKJpgMcI+2DY2woMrPxp/kaNcoHdSNpalIo7H6dSLDQqmhCE2nwLqvfnoj8TevneruiZ+xKEk1jchkUTflSMdoFAvqMEmJ5kNDMJHM3IpIH0tMtAnvnyE0DspupVy5OixVz6ZxFGAbdmAPXDiGKlxADepA4A4e4AmerXvr0XqxXietM9Z0Zgu+wXr7BKMNl7w=</latexit>

 SM = 5̄ + 10
<latexit sha1_base64="qe9yHFyhcxotHryDD3Tw7KP1aUE=">AAAB/HicjVDLSsNAFL2pr1pf0S7dDBZBEEpaanVZdOOygn1AG8JkOmmHTiZhZiKEUH/FjQtF3Poh7vwbp2kXKgoeuHA4517u4fgxZ0o7zodVWFldW98obpa2tnd29+z9g66KEkloh0Q8kn0fK8qZoB3NNKf9WFIc+pz2/OnV3O/dUalYJG51GlM3xGPBAkawNpJnl4fxhHln6BTlJKs3ZiXPrtSqTg70N6nAEm3Pfh+OIpKEVGjCsVKDmhNrN8NSM8LprDRMFI0xmeIxHRgqcEiVm+XhZ+jYKCMURNKM0ChXv15kOFQqDX2zGWI9UT+9ufibN0h0cOFmTMSJpoIsHgUJRzpC8ybQiElKNE8NwUQykxWRCZaYaNPXP0vo1qu1ZrV506i0Lpd1FOEQjuAEanAOLbiGNnSAQAoP8ATP1r31aL1Yr4vVgrW8KcM3WG+fmsaTdw==</latexit>

�5 + �24

Minimal (non-SUSY) SU(5) unification



Cosmology
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Bottaro, Contino, SV [In prep]
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To t = today 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)
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To t = today 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Benchmark Model

Q ⊕ D̃

SU(3)DC
QQD̃

Q = (3,2)1/6 D̃ = (3̄,1)1/3

E ⊕ U ⊕ L̃

U = (3,1)2/3 Ẽ = (1,1)1 L̃ = (1,2)1/2

Dark matter

Dark fermions (L)

 Heavy fermions (H)

m ≲ ΛDC

M ≫ ΛDC

m

5 ⊕ 10

Ψ5 = D̃ + L̃

Ψ10 = Q + U + E
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To t = today 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

H

H

Perturbative freeze-out (F.O.) of free GUT partners H

<latexit sha1_base64="pPklVx9PJZSDJt7TfFwg7AlrGqQ="></latexit>

M � ⇤DC,↵DC(M) < 1
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To t = today 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

H

H

Perturbative freeze-out (F.O.) of free GUT partners H

<latexit sha1_base64="pPklVx9PJZSDJt7TfFwg7AlrGqQ="></latexit>

M � ⇤DC,↵DC(M) < 1
GUT partner decay via D= 6 operators to SM and light dark fermions L

GUT boson
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To t = today 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Dark Confinement

Light hadrons Hybrid hadrons

Bottaro, Contino, SV [In prep]

[Kang, Luty, Nasri ’08], [Jacoby, Nussinov ’07], 
[De Luca et. al. ’19]

m

https://arxiv.org/abs/hep-ph/0611322
https://arxiv.org/abs/0712.2681
https://inspirehep.net/literature/1646178
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To t = today 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Dark Confinement

Light hadrons Hybrid hadrons

Bottaro, Contino, SV [In prep]

m

Binding energy

[Bali, Pineda ’03]

[Kang, Luty, Nasri ’08], [Jacoby, Nussinov ’07], 
[De Luca et. al. ’19]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.69.094001
https://arxiv.org/abs/hep-ph/0611322
https://arxiv.org/abs/0712.2681
https://inspirehep.net/literature/1646178
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To t = today 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Dark Confinement

Light hadrons Hybrid hadrons

Bottaro, Contino, SV [In prep]

Dark Confinement

m

[Kang, Luty, Nasri ’08], [Jacoby, Nussinov ’07], 
[De Luca et. al. ’19]

https://arxiv.org/abs/hep-ph/0611322
https://arxiv.org/abs/0712.2681
https://inspirehep.net/literature/1646178


45

To t = today 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Bottaro, Contino, SV [In prep]

Epoch of recombination

Recombinations favouring creation of perturbative states with larger binding energy

Binding energy

<latexit sha1_base64="WaOAQUXmChgh6Je5f16QP91889w=">AAACF3icjVDLSsNAFJ3UV62vqEs3g0WoiKEpUl0W66IbsYKthaaGm+mkHTqThJmJUEL/wo2/4saFIm5159+YPhYqCh4YOJxzLvfO8SLOlC4WP4zM3PzC4lJ2Obeyura+YW5uNVUYS0IbJOShbHmgKGcBbWimOW1FkoLwOL32BtWxf31LpWJhcKWHEe0I6AXMZwR0KrmmJbCjmMAlfO7W8AF2BOg+AZ5cjAqHDvCoD25yVh3dTAL7rpm3reIE+G+SRzPUXfPd6YYkFjTQhINSbbsY6U4CUjPC6SjnxIpGQAbQo+2UBiCo6iSTf43wXqp0sR/K9AUaT9SvEwkIpYbCS5Pjs9VPbyz+5rVj7Z90EhZEsaYBmS7yY451iMcl4S6TlGg+TAkQydJbMemDBKLTKnP/K6FZsuyyVb48yldOZ3Vk0Q7aRQVko2NUQTVURw1E0B16QE/o2bg3Ho0X43UazRizmW30DcbbJxM8nWc=</latexit>

m ⇠ 2MH +O(�↵2
DC

MH)

+

[Kang, Luty, Nasri ’08], [Jacoby, Nussinov ’07], 
[De Luca et. al. ’19]

https://arxiv.org/abs/hep-ph/0611322
https://arxiv.org/abs/0712.2681
https://inspirehep.net/literature/1646178
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To t = today 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Bottaro, Contino, SV [In prep]

Epoch of recombination

Recombinations favouring creation of perturbative states with larger binding energy

Binding energy

<latexit sha1_base64="WaOAQUXmChgh6Je5f16QP91889w=">AAACF3icjVDLSsNAFJ3UV62vqEs3g0WoiKEpUl0W66IbsYKthaaGm+mkHTqThJmJUEL/wo2/4saFIm5159+YPhYqCh4YOJxzLvfO8SLOlC4WP4zM3PzC4lJ2Obeyura+YW5uNVUYS0IbJOShbHmgKGcBbWimOW1FkoLwOL32BtWxf31LpWJhcKWHEe0I6AXMZwR0KrmmJbCjmMAlfO7W8AF2BOg+AZ5cjAqHDvCoD25yVh3dTAL7rpm3reIE+G+SRzPUXfPd6YYkFjTQhINSbbsY6U4CUjPC6SjnxIpGQAbQo+2UBiCo6iSTf43wXqp0sR/K9AUaT9SvEwkIpYbCS5Pjs9VPbyz+5rVj7Z90EhZEsaYBmS7yY451iMcl4S6TlGg+TAkQydJbMemDBKLTKnP/K6FZsuyyVb48yldOZ3Vk0Q7aRQVko2NUQTVURw1E0B16QE/o2bg3Ho0X43UazRizmW30DcbbJxM8nWc=</latexit>

m ⇠ 2MH +O(�↵2
DC

MH)

+
<latexit sha1_base64="4Y+nooi3rAjHYZj+KS4UZKUQ6so="></latexit>

VHH(r) ⇡ ↵eff

r
+ �r

Cornell potential

[Einchten et. al. ’74]

[Kang, Luty, Nasri ’08], [Jacoby, Nussinov ’07], 
[De Luca et. al. ’19]

https://inspirehep.net/literature/91006
https://arxiv.org/abs/hep-ph/0611322
https://arxiv.org/abs/0712.2681
https://inspirehep.net/literature/1646178
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Temperature T H Decay phase

Bottaro, Contino, SV [To Appear]

LLL 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Non-Thermal contribution

HHHHHL
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Temperature T H Decay phase

HHH LLL 

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Non-Thermal contribution

fraction of GUT partners in heavy baryons 
after recombination

YH ∼
xH

FO

MPl M σHH
∼

10 M
π MPl α2

DC

HHL

Bottaro, Contino, SV [To Appear]
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Temperature T H Decay phase

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Thermal contribution from baryonic freeze-out

Bottaro, Contino, SV [To Appear]
[Antipin et. al.`15]

https://arxiv.org/abs/1503.08749
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Temperature T

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

Thermal contribution from baryonic freeze-out

+ . . .→

Epoch of baryon annihilation

Bottaro, Contino, SV [To Appear]
[Antipin et. al.`15]

https://arxiv.org/abs/1503.08749
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Temperature T

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

+ . . .→

Epoch of baryon annihilation

⟨σBBv⟩ ∼
π

Λ2
DC

Analogy with  annihilation [Zenoni et. Al.]p − p̄

YF.O.
DM ∼

xDM
FO

MPlΛDCσBB
∼

30ΛDC

πMPl

*
*suppressed as  for large Ne−𝒪(1)N

[Witten ’79]

Bottaro, Contino, SV [To Appear]
[Antipin et. al.`15]

https://www.sciencedirect.com/science/article/abs/pii/S0370269399008278?via=ihub
https://inspirehep.net/literature/140391
https://arxiv.org/abs/1503.08749
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Temperature T

<latexit sha1_base64="qbleTQxixEwBsUIMWJrWursy5Zc=">AAAB6HicbVDLSgNBEJz1GeMr6tHLYBA8LbuJxs0t6MWLkIB5QLKE2UlvMmZ2dpmZFULIF3jxoIhXP8mbf+PkgaixoKGo6qa7K0g4U9pxPq2V1bX1jc3MVnZ7Z3dvP3dw2FBxKinUacxj2QqIAs4E1DXTHFqJBBIFHJrB8HrqNx9AKhaLOz1KwI9IX7CQUaKNVLvt5vKOXS54F14RO7ZX9rxiEbu2M8M3yaMFqt3cR6cX0zQCoSknSrVdJ9H+mEjNKIdJtpMqSAgdkj60DRUkAuWPZ4dO8KlRejiMpSmh8Uz9OTEmkVKjKDCdEdED9debiv957VSHnj9mIkk1CDpfFKYc6xhPv8Y9JoFqPjKEUMnMrZgOiCRUm2yyJoSll5dJo2C7JbtUO89XrhZxZNAxOkFnyEWXqIJuUBXVEUWAHtEzerHurSfr1Xqbt65Yi5kj9AvW+xcWjY0n</latexit>

M
<latexit sha1_base64="Kps68oFurzfZ9X8//v6rWa/xEiU="></latexit>

T pert

F.O.
⇠

M

O(10)

+ . . .→

Epoch of baryon annihilation

⟨σBBv⟩ ∼
π

Λ2
DC

Analogy with  annihilation [Zenoni et. Al.]p − p̄

YF.O.
DM ∼

xDM
FO

MPlΛDCσBB
∼

30ΛDC

πMPl

  ΩDMh2 ∼ 0.12 → ΛDC ∼ 50 TeV

*
[Witten ’79]

*suppressed as  for large Ne−𝒪(1)N

Bottaro, Contino, SV [To Appear]
[Antipin et. al.`15]

https://www.sciencedirect.com/science/article/abs/pii/S0370269399008278?via=ihub
https://inspirehep.net/literature/140391
https://arxiv.org/abs/1503.08749
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Constraints?



Contino, Bottaro, SV [To appear]

Proton 
lifetime

Big Bang 
Nucleosynthesis

Late 
unification

54

Non-perturbative 
uncertainties

Benchmark ModelObserved DM density

GUT theory: 5 + 10

= 0.12ΩDMh2

SU(3)DC

<latexit sha1_base64="BQ9q8PtJDw6kisQxT4R9Mfc/+Q4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHqpsyIVJdFF7oRKtgHdIaSSTNtaJIZkoxYhvkVNy4UceuPuPNvzLSz0NYDgcM593JPThAzqrTjfFsrq2vrG5ulrfL2zu7evn1Q6agokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK5zv/tIpKKReNDTmPgcjQQNKUbaSAO7cgc9WPM40mPJ0xvSyU4HdtWpOzPAZeIWpAoKtAb2lzeMcMKJ0JghpfquE2s/RVJTzEhW9hJFYoQnaET6hgrEifLTWfYMnhhlCMNImic0nKm/N1LElZrywEzmIdWil4v/ef1Eh5d+SkWcaCLw/FCYMKgjmBcBh1QSrNnUEIQlNVkhHiOJsDZ1lU0J7uKXl0nnrO426o3782rzqqijBI7AMagBF1yAJrgFLdAGGDyBZ/AK3qzMerHerY/56IpV7ByCP7A+fwCOtpOD</latexit>

M (GeV)



Contino, Bottaro, SV [To appear]

= 0.12ΩDMh2

Proton 
lifetime

Big Bang 
Nucleosynthesis

Late 
unification

55

Non-perturbative 
uncertainties

Benchmark Model

GUT theory: 5 + 10

SU(3)DC

<latexit sha1_base64="BQ9q8PtJDw6kisQxT4R9Mfc/+Q4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHqpsyIVJdFF7oRKtgHdIaSSTNtaJIZkoxYhvkVNy4UceuPuPNvzLSz0NYDgcM593JPThAzqrTjfFsrq2vrG5ulrfL2zu7evn1Q6agokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK5zv/tIpKKReNDTmPgcjQQNKUbaSAO7cgc9WPM40mPJ0xvSyU4HdtWpOzPAZeIWpAoKtAb2lzeMcMKJ0JghpfquE2s/RVJTzEhW9hJFYoQnaET6hgrEifLTWfYMnhhlCMNImic0nKm/N1LElZrywEzmIdWil4v/ef1Eh5d+SkWcaCLw/FCYMKgjmBcBh1QSrNnUEIQlNVkhHiOJsDZ1lU0J7uKXl0nnrO426o3782rzqqijBI7AMagBF1yAJrgFLdAGGDyBZ/AK3qzMerHerY/56IpV7ByCP7A+fwCOtpOD</latexit>

M (GeV)



Contino, Bottaro, SV [To appear]

= 0.12ΩDMh2

Proton 
lifetime

Big Bang 
Nucleosynthesis

Late 
unification

56

Non-perturbative 
uncertainties

Benchmark Model

GUT theory: 5 + 10

SU(3)DC

<latexit sha1_base64="BQ9q8PtJDw6kisQxT4R9Mfc/+Q4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHqpsyIVJdFF7oRKtgHdIaSSTNtaJIZkoxYhvkVNy4UceuPuPNvzLSz0NYDgcM593JPThAzqrTjfFsrq2vrG5ulrfL2zu7evn1Q6agokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK5zv/tIpKKReNDTmPgcjQQNKUbaSAO7cgc9WPM40mPJ0xvSyU4HdtWpOzPAZeIWpAoKtAb2lzeMcMKJ0JghpfquE2s/RVJTzEhW9hJFYoQnaET6hgrEifLTWfYMnhhlCMNImic0nKm/N1LElZrywEzmIdWil4v/ef1Eh5d+SkWcaCLw/FCYMKgjmBcBh1QSrNnUEIQlNVkhHiOJsDZ1lU0J7uKXl0nnrO426o3782rzqqijBI7AMagBF1yAJrgFLdAGGDyBZ/AK3qzMerHerY/56IpV7ByCP7A+fwCOtpOD</latexit>

M (GeV)



Contino, Bottaro, SV [To appear]

= 0.12ΩDMh2

Proton 
lifetime

Big Bang 
Nucleosynthesis

Late 
unification

57

Non-perturbative 
uncertainties

Benchmark Model

GUT theory: 5 + 10

SU(3)DC

<latexit sha1_base64="BQ9q8PtJDw6kisQxT4R9Mfc/+Q4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHqpsyIVJdFF7oRKtgHdIaSSTNtaJIZkoxYhvkVNy4UceuPuPNvzLSz0NYDgcM593JPThAzqrTjfFsrq2vrG5ulrfL2zu7evn1Q6agokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK5zv/tIpKKReNDTmPgcjQQNKUbaSAO7cgc9WPM40mPJ0xvSyU4HdtWpOzPAZeIWpAoKtAb2lzeMcMKJ0JghpfquE2s/RVJTzEhW9hJFYoQnaET6hgrEifLTWfYMnhhlCMNImic0nKm/N1LElZrywEzmIdWil4v/ef1Eh5d+SkWcaCLw/FCYMKgjmBcBh1QSrNnUEIQlNVkhHiOJsDZ1lU0J7uKXl0nnrO426o3782rzqqijBI7AMagBF1yAJrgFLdAGGDyBZ/AK3qzMerHerY/56IpV7ByCP7A+fwCOtpOD</latexit>

M (GeV)



Contino, Bottaro, SV [To appear]

= 0.12ΩDMh2

Proton 
lifetime

Big Bang 
Nucleosynthesis

Late 
unification

58

Non-perturbative 
uncertainties

[Barducci, De Curtis, Redi, Tesi ‘18]

Mass of dark pions

Benchmark Model

GUT theory: 5 + 10

SU(3)DC

<latexit sha1_base64="BQ9q8PtJDw6kisQxT4R9Mfc/+Q4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHqpsyIVJdFF7oRKtgHdIaSSTNtaJIZkoxYhvkVNy4UceuPuPNvzLSz0NYDgcM593JPThAzqrTjfFsrq2vrG5ulrfL2zu7evn1Q6agokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK5zv/tIpKKReNDTmPgcjQQNKUbaSAO7cgc9WPM40mPJ0xvSyU4HdtWpOzPAZeIWpAoKtAb2lzeMcMKJ0JghpfquE2s/RVJTzEhW9hJFYoQnaET6hgrEifLTWfYMnhhlCMNImic0nKm/N1LElZrywEzmIdWil4v/ef1Eh5d+SkWcaCLw/FCYMKgjmBcBh1QSrNnUEIQlNVkhHiOJsDZ1lU0J7uKXl0nnrO426o3782rzqqijBI7AMagBF1yAJrgFLdAGGDyBZ/AK3qzMerHerY/56IpV7ByCP7A+fwCOtpOD</latexit>

M (GeV)

https://arxiv.org/pdf/1805.12578


Contino, Bottaro, SV [To appear]

Proton 
lifetime

Big Bang 
Nucleosynthesis

Late 
unification

59

Non-perturbative 
uncertainties

Benchmark Model

GUT theory: 5 + 10

GUT partners are 
overclosing the universe! 

= 0.12ΩDMh2

<latexit sha1_base64="BQ9q8PtJDw6kisQxT4R9Mfc/+Q4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHqpsyIVJdFF7oRKtgHdIaSSTNtaJIZkoxYhvkVNy4UceuPuPNvzLSz0NYDgcM593JPThAzqrTjfFsrq2vrG5ulrfL2zu7evn1Q6agokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK5zv/tIpKKReNDTmPgcjQQNKUbaSAO7cgc9WPM40mPJ0xvSyU4HdtWpOzPAZeIWpAoKtAb2lzeMcMKJ0JghpfquE2s/RVJTzEhW9hJFYoQnaET6hgrEifLTWfYMnhhlCMNImic0nKm/N1LElZrywEzmIdWil4v/ef1Eh5d+SkWcaCLw/FCYMKgjmBcBh1QSrNnUEIQlNVkhHiOJsDZ1lU0J7uKXl0nnrO426o3782rzqqijBI7AMagBF1yAJrgFLdAGGDyBZ/AK3qzMerHerY/56IpV7ByCP7A+fwCOtpOD</latexit>

M (GeV)



Contino, Bottaro, SV [To appear]

Proton 
lifetime

Big Bang 
Nucleosynthesis

Late 
unification
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Non-perturbative 
uncertainties

Benchmark Model

GUT theory: 5 + 10

GUT partners are 
overclosing the universe! 

Way out? Dilute the GUT partner 
abundance with a low reheating  

Temperature

= 0.12ΩDMh2

<latexit sha1_base64="BQ9q8PtJDw6kisQxT4R9Mfc/+Q4=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHqpsyIVJdFF7oRKtgHdIaSSTNtaJIZkoxYhvkVNy4UceuPuPNvzLSz0NYDgcM593JPThAzqrTjfFsrq2vrG5ulrfL2zu7evn1Q6agokZi0ccQi2QuQIowK0tZUM9KLJUE8YKQbTK5zv/tIpKKReNDTmPgcjQQNKUbaSAO7cgc9WPM40mPJ0xvSyU4HdtWpOzPAZeIWpAoKtAb2lzeMcMKJ0JghpfquE2s/RVJTzEhW9hJFYoQnaET6hgrEifLTWfYMnhhlCMNImic0nKm/N1LElZrywEzmIdWil4v/ef1Eh5d+SkWcaCLw/FCYMKgjmBcBh1QSrNnUEIQlNVkhHiOJsDZ1lU0J7uKXl0nnrO426o3782rzqqijBI7AMagBF1yAJrgFLdAGGDyBZ/AK3qzMerHerY/56IpV7ByCP7A+fwCOtpOD</latexit>

M (GeV)
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Vectorlike confining theories give attractive ideas for DM stability 

Gauge coupling unification highly restrictive theory prior for composite DM

Role of GUT partners cannot be ignored when considering DM phenomenology
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Vectorlike confining theories give attractive ideas for DM stability 

Gauge coupling unification highly restrictive theory prior for composite DM

Role of GUT partners cannot be ignored when considering DM phenomenology

Is there any hope to test these theories?



Is there any hope to test these theories?
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[[[Work in Progress]
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SM charged pions with  

Dark matter with  

GUT partner fermions with mass allowed    

GUT gauge bosons with 

m ∼ 𝒪(TeVs)

m ∼ 100 TeV

M ∼ 1010 − 1013 GeV

m ∼ MGUT ∼ 1017 GeV

GUT theory predictions

standard predictions 

How can we experimentally probe these large scales?



Gravitational Waves? 

Strong first order phase transition (FOPT) expected in benchmark model

[Pisarski, Wilczek ’84]
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Gravitational Waves? 

Strong first order phase transition (FOPT) expected in benchmark model

[Pisarski, Wilczek ’84]

[Schwaller ’15]
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Gravitational Waves? 

Strong first order phase transition (FOPT) expected in benchmark model

[Pisarski, Wilczek ’84]

[Schwaller ’15]

fpeak in our benchmark model
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Gravitational Waves? 

Strong first order phase transition (FOPT) expected in benchmark model

[Pisarski, Wilczek ’84]

[Schwaller ’15]

fpeak in our benchmark model

Only if GW are produced during radiation dominated era ~ M  > 1013  GeV
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Gravitational Waves? 

Strong first order phase transition (FOPT) expected in benchmark model

[Pisarski, Wilczek ’84]

[Schwaller ’15]

fpeak in our benchmark model

69

For M   <  1013  GeV, GW are produced during matter dominated era with suppressed amplitude



DM Decay?

Current stringest limits from Fermi-LAT

Future experiments [CTA, SWGO etc.] will improve

Credit: NASA's Goddard Space Flight Center/Chris Smith (USRA/GESTAR) 

𝒪6 ≡ QQQlSM



Symmetry breaking Os

<latexit sha1_base64="SlANXvUQRKJCPHzs2oDOhigUPnA="></latexit>

� ⇠ k2

8⇡

NDC

16⇡2
Mbound

✓
Mbound

⇤

◆2D�8

For a viable DM candidate, the lightest bound state protected by an accidental symmetry should satisfy 

<latexit sha1_base64="suJWkk6qbCRGRYPYR7/I0h1pl7E="></latexit>

⌧DM & 1025 � 1028 s

Dwarf Galaxies, Fermi, Ice-Cube 

<latexit sha1_base64="Aaq4bSzxOWwBC9WS4Y9umwN5NXg=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkltp90IRTcuFCrYB7TDkMmkbWjmQZIplKF/4saFIm79E3f+jZm2gooeCBzOOZd7c/yEM6ls+8NYWV1b39gsbBW3d3b39s2Dw7aMU0Foi8Q8Fl0fS8pZRFuKKU67iaA49Dnt+OOr3O9MqJAsju7VNKFuiIcRGzCClZY80+zf6HCA4QW89bImn3lmybbKVeTUz6EmFVSrV3PiOAghiCx7jhJYoumZ7/0gJmlII0U4lrKH7ES5GRaKEU5nxX4qaYLJGA9pT9MIh1S62fzyGTzVSgAHsdAvUnCufp/IcCjlNPR1MsRqJH97ufiX10vVoO5mLEpSRSOyWDRIOVQxzGuAAROUKD7VBBPB9K2QjLDAROmyirqEr5/C/0m7bCHHcu4qpcblso4COAYn4AwgUAMNcA2aoAUImIAH8ASejcx4NF6M10V0xVjOHIEfMN4+Aa+SkxU=</latexit>

⇤ = MPl
<latexit sha1_base64="pVy5qs3fTuL0haohhk0BrfHfaS4=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgqkxqO+2yWBeupIJ9QKeWTJq2ocnMkGSEMhT8FTcuFHHrd7jzb8y0FVT0wIXDOfdy7z1+xJnSjvNhLS2vrK6tZzaym1vbO7v23n5ThbEktEFCHsq2jxXlLKANzTSn7UhSLHxOW/64lvqtOyoVC4MbPYloV+BhwAaMYG2knn04vi3Aq17iSQEvalPoKSYg6tk5J18oIbdyBg0ponKllBLXRQhBlHdmyIEF6j373euHJBY00IRjpTrIiXQ3wVIzwuk068WKRpiM8ZB2DA2woKqbzM6fwhOj9OEglKYCDWfq94kEC6UmwjedAuuR+u2l4l9eJ9aDSjdhQRRrGpD5okHMoQ5hmgXsM0mJ5hNDMJHM3ArJCEtMtEksa0L4+hT+T5qFPHLz7nUxVz1fxJEBR+AYnAIEyqAKLkEdNAABCXgAT+DZurcerRfrdd66ZC1mDsAPWG+fZ/uUhQ==</latexit>

k2NDC ⇠ 1
dark species number is broken by   D ≥ 5 𝒪s

Dark mesons with  ruled out due to collider constraints on 
SM-charged dark sector

mπD
≪ mEW

πD
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<latexit sha1_base64="TIrHmkqaZ+NTelmcoc9XFr9LQAc="></latexit>

O5 = (Q̄rQs)HH
<latexit sha1_base64="9IkqGe4hYWQnVS4Zzc8+GxxVEMM="></latexit>

(Q̄rQs) = 30 or 10 under SU(2)EW

<latexit sha1_base64="eVBw8pytbLsOsQ6WqSP4xfeJlUI="></latexit>

D = 5 : mDM . 1.5 MeV

Radiative cooling of gas in Leo T [Wadekar, Wang ’21] 

[Antipin et. al.`15] [Bottaro, Contino, SV `24]

<latexit sha1_base64="i6aqx7r2YLsmRcov5yTzK0i8tVM=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiDEyzATNMst6MVjBCeJJEPo6fQkTXoWu3sCYch3ePGgiFc/xpt/Y2dB1Pig4PFeFVX1vJgzqSzr08isrW9sbmW3czu7e/sH+cOjpowSQahDIh6Jtocl5SykjmKK03YsKA48Tlve6Hrmt8ZUSBaFd2oSUzfAg5D5jGClJberWEAlcor2ee++ly9YZrVasWplpMllybJryDatOb5JAZZo9PIf3X5EkoCGinAsZce2YuWmWChGOJ3muomkMSYjPKAdTUOsd7np/OgpOtNKH/mR0BUqNFd/TqQ4kHISeLozwGoo/3oz8T+vkyi/6qYsjBNFQ7JY5CccqQjNEkB9JihRfKIJJoLpWxEZYoGJ0jnldAgrL6+SZsm0y2b59qJQv1rGkYUTOIUi2FCBOtxAAxwg8ACP8Awvxth4Ml6Nt0VrxljOHMMvGO9fvZ2RdA==</latexit>

⇥U(1)YExample: 

https://arxiv.org/pdf/2111.08025
https://arxiv.org/abs/1503.08749
https://arxiv.org/pdf/2407.20591


Symmetry breaking Os

<latexit sha1_base64="SlANXvUQRKJCPHzs2oDOhigUPnA="></latexit>

� ⇠ k2

8⇡

NDC

16⇡2
Mbound

✓
Mbound

⇤

◆2D�8

For a viable DM candidate, the lightest bound state protected by an accidental symmetry should satisfy 

<latexit sha1_base64="suJWkk6qbCRGRYPYR7/I0h1pl7E="></latexit>

⌧DM & 1025 � 1028 s

Dwarf Galaxies, Fermi, Ice-Cube 

<latexit sha1_base64="Aaq4bSzxOWwBC9WS4Y9umwN5NXg=">AAAB+XicdVDLSgMxFM34rPU16tJNsAiuhkltp90IRTcuFCrYB7TDkMmkbWjmQZIplKF/4saFIm79E3f+jZm2gooeCBzOOZd7c/yEM6ls+8NYWV1b39gsbBW3d3b39s2Dw7aMU0Foi8Q8Fl0fS8pZRFuKKU67iaA49Dnt+OOr3O9MqJAsju7VNKFuiIcRGzCClZY80+zf6HCA4QW89bImn3lmybbKVeTUz6EmFVSrV3PiOAghiCx7jhJYoumZ7/0gJmlII0U4lrKH7ES5GRaKEU5nxX4qaYLJGA9pT9MIh1S62fzyGTzVSgAHsdAvUnCufp/IcCjlNPR1MsRqJH97ufiX10vVoO5mLEpSRSOyWDRIOVQxzGuAAROUKD7VBBPB9K2QjLDAROmyirqEr5/C/0m7bCHHcu4qpcblso4COAYn4AwgUAMNcA2aoAUImIAH8ASejcx4NF6M10V0xVjOHIEfMN4+Aa+SkxU=</latexit>

⇤ = MPl
<latexit sha1_base64="pVy5qs3fTuL0haohhk0BrfHfaS4=">AAAB/nicdVDLSgMxFM34rPU1Kq7cBIvgqkxqO+2yWBeupIJ9QKeWTJq2ocnMkGSEMhT8FTcuFHHrd7jzb8y0FVT0wIXDOfdy7z1+xJnSjvNhLS2vrK6tZzaym1vbO7v23n5ThbEktEFCHsq2jxXlLKANzTSn7UhSLHxOW/64lvqtOyoVC4MbPYloV+BhwAaMYG2knn04vi3Aq17iSQEvalPoKSYg6tk5J18oIbdyBg0ponKllBLXRQhBlHdmyIEF6j373euHJBY00IRjpTrIiXQ3wVIzwuk068WKRpiM8ZB2DA2woKqbzM6fwhOj9OEglKYCDWfq94kEC6UmwjedAuuR+u2l4l9eJ9aDSjdhQRRrGpD5okHMoQ5hmgXsM0mJ5hNDMJHM3ArJCEtMtEksa0L4+hT+T5qFPHLz7nUxVz1fxJEBR+AYnAIEyqAKLkEdNAABCXgAT+DZurcerRfrdd66ZC1mDsAPWG+fZ/uUhQ==</latexit>

k2NDC ⇠ 1
dark baryon number is broken by   D ≥ 6 𝒪s

lightest dark baryon with  is viablemDB ∼ 100 TeV

B
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<latexit sha1_base64="x1ykOb8V0RaEUJjO5eSyLsgaCvQ="></latexit>

D = 6 : mDM . 100 TeV

Fermi gamma-ray data [Cohen et. al. ’16] 

<latexit sha1_base64="gH6fHo4V7B8tnbZxPlnsw+mo5UA=">AAACLXicdVDLSsNAFJ3UV62vqEs3g0VwVVItqd0VdeFGbNE+oClhMp22Q2eSODMplJAfcuOviOCiIm79DacPxeeBC4dz7uXee7yQUaksa2ykFhaXllfSq5m19Y3NLXN7py6DSGBSwwELRNNDkjDqk5qiipFmKAjiHiMNb3A28RtDIiQN/Bs1Ckmbo55PuxQjpSXXPHc4Un2MWHyVuDZ0yG1Eh/BTrCZ/U+iEkrqxIzi8vkxcM2vlSsXjQsmGv0k+Z02RBXNUXPPR6QQ44sRXmCEpW3krVO0YCUUxI0nGiSQJER6gHmlp6iNOZDuefpvAA610YDcQunwFp+rXiRhxKUfc052Tg+VPbyL+5bUi1T1px9QPI0V8PFvUjRhUAZxEBztUEKzYSBOEBdW3QtxHAmGlA87oED4+hf+T+lEub+fsaiFbPp3HkQZ7YB8cgjwogjK4ABVQAxjcgQcwBs/GvfFkvBivs9aUMZ/ZBd9gvL0DmYWqPw==</latexit>

O6 ⌘ QQQ SM

https://arxiv.org/pdf/1612.05638
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<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="6xPeMpwtSJyFuJvftg9M221dU3k=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LHvQiVOi2hXYp2TTbhibZJckKZemP8OJBEa/+Hm/+G9N2D9r6YODx3gwz88KEM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6d+e0nqjSLZdNMEhoIPJQsYgQbK7Uf+tmd35z2yxW36s6BVomXkwrkaPTLX71BTFJBpSEca9313MQEGVaGEU6npV6qaYLJGA9p11KJBdVBNj93is6sMkBRrGxJg+bq74kMC60nIrSdApuRXvZm4n9eNzXRdZAxmaSGSrJYFKUcmRjNfkcDpigxfGIJJorZWxEZYYWJsQmVbAje8surpHVR9WrV2uNlpX6Tx1GEEziFc/DgCupwDw3wgcAYnuEV3pzEeXHenY9Fa8HJZ47hD5zPHwFkj18=</latexit>

MGUT

<latexit sha1_base64="TkMD7xKO1owwf9kio1D2YtHYEUY=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxYtQwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jVZW19Y3Ngtbxe2d3b390sFh06hUU9agSijdDolhgkvWsNwK1k40I3EoWCsc3Uz91hPThiv5YMcJC2IykDzilFgnNe96WV1MeqWyV/FmwMvEz0kZctR7pa9uX9E0ZtJSQYzp+F5ig4xoy6lgk2I3NSwhdEQGrOOoJDEzQTa7doJPndLHkdKupMUz9fdERmJjxnHoOmNih2bRm4r/eZ3URldBxmWSWibpfFGUCmwVnr6O+1wzasXYEUI1d7diOiSaUOsCKroQ/MWXl0nzvOJXK9X7i3LtOo+jAMdwAmfgwyXU4Bbq0AAKj/AMr/CGFHpB7+hj3rqC8pkj+AP0+QOLqY8h</latexit>

MPl

<latexit sha1_base64="CEgu2C3dhWdT7+itgq85q5V+jnM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi1WWxLly4qGAf0IQymUzaoZNJmJkIJfQ33LhQxK0/486/cdJmoa0HBg7nnMu9c/yEM6Vt+9sqra1vbG6Vtys7u3v7B9XDo66KU0loh8Q8ln0fK8qZoB3NNKf9RFIc+Zz2/Ekr93tPVCoWi0c9TagX4ZFgISNYG8l17000wMPstjUbVmt23Z4DrRKnIDUo0B5Wv9wgJmlEhSYcKzVw7ER7GZaaEU5nFTdVNMFkgkd0YKjAEVVeNr95hs6MEqAwluYJjebq74kMR0pNI98kI6zHatnLxf+8QarDay9jIkk1FWSxKEw50jHKC0ABk5RoPjUEE8nMrYiMscREm5oqpgRn+curpHtRdxr1xsNlrXlT1FGGEziFc3DgCppwB23oAIEEnuEV3qzUerHerY9FtGQVM8fwB9bnD61pkXg=</latexit>

⇤DC

≫

m

Ψ5 = D̃ + L̃ Ψ10 = Q + U + E

⟨ϕ24⟩ =
vGUT

30
diag(2, 2, 2, − 3, − 3)

 obtained for  with two fine tuningsmQ, mD̃ ≪ mU, mE, mL̃ m5,10 ∼ y5,10vGUT ∼ M

Can the split spectrum be natural?
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<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="6xPeMpwtSJyFuJvftg9M221dU3k=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LHvQiVOi2hXYp2TTbhibZJckKZemP8OJBEa/+Hm/+G9N2D9r6YODx3gwz88KEM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6d+e0nqjSLZdNMEhoIPJQsYgQbK7Uf+tmd35z2yxW36s6BVomXkwrkaPTLX71BTFJBpSEca9313MQEGVaGEU6npV6qaYLJGA9p11KJBdVBNj93is6sMkBRrGxJg+bq74kMC60nIrSdApuRXvZm4n9eNzXRdZAxmaSGSrJYFKUcmRjNfkcDpigxfGIJJorZWxEZYYWJsQmVbAje8surpHVR9WrV2uNlpX6Tx1GEEziFc/DgCupwDw3wgcAYnuEV3pzEeXHenY9Fa8HJZ47hD5zPHwFkj18=</latexit>

MGUT

<latexit sha1_base64="TkMD7xKO1owwf9kio1D2YtHYEUY=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxYtQwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jVZW19Y3Ngtbxe2d3b390sFh06hUU9agSijdDolhgkvWsNwK1k40I3EoWCsc3Uz91hPThiv5YMcJC2IykDzilFgnNe96WV1MeqWyV/FmwMvEz0kZctR7pa9uX9E0ZtJSQYzp+F5ig4xoy6lgk2I3NSwhdEQGrOOoJDEzQTa7doJPndLHkdKupMUz9fdERmJjxnHoOmNih2bRm4r/eZ3URldBxmWSWibpfFGUCmwVnr6O+1wzasXYEUI1d7diOiSaUOsCKroQ/MWXl0nzvOJXK9X7i3LtOo+jAMdwAmfgwyXU4Bbq0AAKj/AMr/CGFHpB7+hj3rqC8pkj+AP0+QOLqY8h</latexit>

MPl

<latexit sha1_base64="CEgu2C3dhWdT7+itgq85q5V+jnM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi1WWxLly4qGAf0IQymUzaoZNJmJkIJfQ33LhQxK0/486/cdJmoa0HBg7nnMu9c/yEM6Vt+9sqra1vbG6Vtys7u3v7B9XDo66KU0loh8Q8ln0fK8qZoB3NNKf9RFIc+Zz2/Ekr93tPVCoWi0c9TagX4ZFgISNYG8l17000wMPstjUbVmt23Z4DrRKnIDUo0B5Wv9wgJmlEhSYcKzVw7ER7GZaaEU5nFTdVNMFkgkd0YKjAEVVeNr95hs6MEqAwluYJjebq74kMR0pNI98kI6zHatnLxf+8QarDay9jIkk1FWSxKEw50jHKC0ABk5RoPjUEE8nMrYiMscREm5oqpgRn+curpHtRdxr1xsNlrXlT1FGGEziFc3DgCppwB23oAIEEnuEV3qzUerHerY9FtGQVM8fwB9bnD61pkXg=</latexit>

⇤DC

≫

Can the split spectrum be natural?

m

Ψ5 = D̃ + L̃ Ψ10 = Q + U + E

Is the tuning stable under radiative corrections?

δm5 ∼
αGUT

4π
m5

Xμ, Yμ

For ,  δm5 < m m5 ∼ 𝒪(M)
m ≪ M ≪ (4π)m/αGUT

mass hierarchy between light dark fermions and their GUT partners is not stable under radiative 
corrections
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<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="6xPeMpwtSJyFuJvftg9M221dU3k=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LHvQiVOi2hXYp2TTbhibZJckKZemP8OJBEa/+Hm/+G9N2D9r6YODx3gwz88KEM21c99sprK1vbG4Vt0s7u3v7B+XDo5aOU0WoT2Ieq06INeVMUt8ww2knURSLkNN2OL6d+e0nqjSLZdNMEhoIPJQsYgQbK7Uf+tmd35z2yxW36s6BVomXkwrkaPTLX71BTFJBpSEca9313MQEGVaGEU6npV6qaYLJGA9p11KJBdVBNj93is6sMkBRrGxJg+bq74kMC60nIrSdApuRXvZm4n9eNzXRdZAxmaSGSrJYFKUcmRjNfkcDpigxfGIJJorZWxEZYYWJsQmVbAje8surpHVR9WrV2uNlpX6Tx1GEEziFc/DgCupwDw3wgcAYnuEV3pzEeXHenY9Fa8HJZ47hD5zPHwFkj18=</latexit>

MGUT

<latexit sha1_base64="TkMD7xKO1owwf9kio1D2YtHYEUY=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6rHoxYtQwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jVZW19Y3Ngtbxe2d3b390sFh06hUU9agSijdDolhgkvWsNwK1k40I3EoWCsc3Uz91hPThiv5YMcJC2IykDzilFgnNe96WV1MeqWyV/FmwMvEz0kZctR7pa9uX9E0ZtJSQYzp+F5ig4xoy6lgk2I3NSwhdEQGrOOoJDEzQTa7doJPndLHkdKupMUz9fdERmJjxnHoOmNih2bRm4r/eZ3URldBxmWSWibpfFGUCmwVnr6O+1wzasXYEUI1d7diOiSaUOsCKroQ/MWXl0nzvOJXK9X7i3LtOo+jAMdwAmfgwyXU4Bbq0AAKj/AMr/CGFHpB7+hj3rqC8pkj+AP0+QOLqY8h</latexit>

MPl

<latexit sha1_base64="CEgu2C3dhWdT7+itgq85q5V+jnM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi1WWxLly4qGAf0IQymUzaoZNJmJkIJfQ33LhQxK0/486/cdJmoa0HBg7nnMu9c/yEM6Vt+9sqra1vbG6Vtys7u3v7B9XDo66KU0loh8Q8ln0fK8qZoB3NNKf9RFIc+Zz2/Ekr93tPVCoWi0c9TagX4ZFgISNYG8l17000wMPstjUbVmt23Z4DrRKnIDUo0B5Wv9wgJmlEhSYcKzVw7ER7GZaaEU5nFTdVNMFkgkd0YKjAEVVeNr95hs6MEqAwluYJjebq74kMR0pNI98kI6zHatnLxf+8QarDay9jIkk1FWSxKEw50jHKC0ABk5RoPjUEE8nMrYiMscREm5oqpgRn+curpHtRdxr1xsNlrXlT1FGGEziFc3DgCppwB23oAIEEnuEV3qzUerHerY9FtGQVM8fwB9bnD61pkXg=</latexit>

⇤DC

≫

m

Ψ5 = D̃ + L̃ Ψ10 = Q + U + E

Is the tuning stable under radiative corrections?

δm5 ∼
αGUT

4π
m5

Xμ, Yμ

For ,  δm5 < m m5 ∼ 𝒪(M)
m ≪ M ≪ (4π)m/αGUT

For  m ∼ ΛDC ∼ 100 TeV, αGUT ∼ 1/15 → 105 GeV ≪ M ≲ 2 × 107GeV
Tuning is stable here!

Can the split spectrum be natural?



unification△

GUT(BSM) < 4 α π

[Bottaro, Contino, SV `24]
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MGUT(SM) ≤ MGUT(BSM) ≤ MPl    

Area△(BSM) ≤ Area△(SM) 

https://arxiv.org/pdf/2407.20591
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[Bottaro, Contino, SV `24]

Better than SM
Contribution from light dark fermions

https://arxiv.org/pdf/2407.20591
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NGB Production at Colliders


