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OVERVIEW

▸ Asymmetric Dark Matter 

▸ The Proton 

▸ Dark QCD and the Dark Baryon 

▸ Quadrification 

▸ Generating Particle Asymmetries
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DARK MATTER
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BARYON ASYMMETRY IN THE UNIVERSE

▸ Current universe has a baryon - anti baryon asymmetry 

▸ More protons than anti protons 

▸ Baryogenesis: Asymmetry generated via particle 
interactions

Image: https://www.antonine-education.co.uk/Pages/Physics_1/Particles/PP06/particles_page_6.htm
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ASYMMETRIC DARK MATTER

▸ Energy density ratio is an order 1 number 

▸ If the same mechanism controls nD and nB, we can have 

▸ Asymmetry in baryon and dark sector via same mechanism 

▸ Dark matter cannot be its anti particle 

▸ We now must turn to explaining 

nD

nB
⇡ O(1)
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THE MASS OF THE PROTON (QCD)

▸ Proton composition: 2 up quarks + 1 down quark 

▸ Naively: 

▸ The other ~99% of the proton mass arises from the energy 
of the interaction in the strong force 

▸ Related to             , which describes the energy at which the 
strong forces “confines” the quarks together  

2mu + md ≈ 0.01mp

ΛQCD



Yang Bai and Pedro Schwaller. Scale of dark QCD. Phys. Rev., D89(6):063522, 2014.

DARK QCD AND THE DARK BARYON 

▸ Theorized that dark matter is “QCD-like” i.e. SU(3)  

▸ The the lightest dark baryon has its mass determined by 
the scale                (dark quark masses are small) 

▸ Hence 

▸ Suggests we should look for models where 

⌦D

⌦B
⇡ nD⇤dQCD

nB⇤QCD
⇡ 5
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QUADRIFICATION

▸ Generate               via   
Grand Unified Theory (GUT) 

▸ Particle content and masses 
influence coupling 
strengths 

▸ Dark quarks charged only 
under dark QCD (hence 
DM is stable)

SU(3)d ⇥ SU(3)C ⇥ SU(3)L ⇥ SU(3)R
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GENERATING PARTICLE ASYMMETRIES

▸ Bi-fundamental: charged under QCD and dark QCD 

▸ Bi-fundamental scalars (        ) that decay into a SM quark 
and dark quark 

▸ Heavy neutrino,    , which has an asymmetric decay into a 
bi-fundamental fermion   , and a bi-fundamental scalar 

▸ Decay chain down to SM leptons and quarks (forming 
baryons) and dark quarks (forming dark baryons) 

Yang Bai and Pedro Schwaller. Scale of dark QCD. Phys. Rev., D89(6):063522, 2014.
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DECAY CHAIN IN QUADRIFICATION
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N
<latexit sha1_base64="7LT5uxOvFP2fFdBK8eNZ5U85ecQ=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwqRUk+6KblxJC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbJ20FFT1w4XDOvdx7T5BwpjRCH9bK6tr6xmZhq7i9s7u3Xzo4bKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknmFzlfueeSsVicaunCfUjPBIsZARrIzVvBqUyslGt4npViGzXuXDOc1LzPLeGoGOjOcpgicag9N4fxiSNqNCEY6V6Dkq0n2GpGeF0VuyniiaYTPCI9gwVOKLKz+aHzuCpUYYwjKUpoeFc/T6R4UipaRSYzgjrsfrt5eJfXi/VoednTCSppoIsFoUphzqG+ddwyCQlmk8NwUQycyskYywx0Sabognh61P4P2lXbAfZTrNarl8u4yiAY3ACzoADXFAH16ABWoAACh7AE3i27qxH68V6XbSuWMuZI/AD1tsnL8mNMQ==</latexit><latexit sha1_base64="7LT5uxOvFP2fFdBK8eNZ5U85ecQ=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwqRUk+6KblxJC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbJ20FFT1w4XDOvdx7T5BwpjRCH9bK6tr6xmZhq7i9s7u3Xzo4bKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknmFzlfueeSsVicaunCfUjPBIsZARrIzVvBqUyslGt4npViGzXuXDOc1LzPLeGoGOjOcpgicag9N4fxiSNqNCEY6V6Dkq0n2GpGeF0VuyniiaYTPCI9gwVOKLKz+aHzuCpUYYwjKUpoeFc/T6R4UipaRSYzgjrsfrt5eJfXi/VoednTCSppoIsFoUphzqG+ddwyCQlmk8NwUQycyskYywx0Sabognh61P4P2lXbAfZTrNarl8u4yiAY3ACzoADXFAH16ABWoAACh7AE3i27qxH68V6XbSuWMuZI/AD1tsnL8mNMQ==</latexit><latexit sha1_base64="7LT5uxOvFP2fFdBK8eNZ5U85ecQ=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwqRUk+6KblxJC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbJ20FFT1w4XDOvdx7T5BwpjRCH9bK6tr6xmZhq7i9s7u3Xzo4bKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknmFzlfueeSsVicaunCfUjPBIsZARrIzVvBqUyslGt4npViGzXuXDOc1LzPLeGoGOjOcpgicag9N4fxiSNqNCEY6V6Dkq0n2GpGeF0VuyniiaYTPCI9gwVOKLKz+aHzuCpUYYwjKUpoeFc/T6R4UipaRSYzgjrsfrt5eJfXi/VoednTCSppoIsFoUphzqG+ddwyCQlmk8NwUQycyskYywx0Sabognh61P4P2lXbAfZTrNarl8u4yiAY3ACzoADXFAH16ABWoAACh7AE3i27qxH68V6XbSuWMuZI/AD1tsnL8mNMQ==</latexit><latexit sha1_base64="7LT5uxOvFP2fFdBK8eNZ5U85ecQ=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwqRUk+6KblxJC/YBbSiT6aQdO5mEmYlQQr/AjQtF3PpJ7vwbJ20FFT1w4XDOvdx7T5BwpjRCH9bK6tr6xmZhq7i9s7u3Xzo4bKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknmFzlfueeSsVicaunCfUjPBIsZARrIzVvBqUyslGt4npViGzXuXDOc1LzPLeGoGOjOcpgicag9N4fxiSNqNCEY6V6Dkq0n2GpGeF0VuyniiaYTPCI9gwVOKLKz+aHzuCpUYYwjKUpoeFc/T6R4UipaRSYzgjrsfrt5eJfXi/VoednTCSppoIsFoUphzqG+ddwyCQlmk8NwUQycyskYywx0Sabognh61P4P2lXbAfZTrNarl8u4yiAY3ACzoADXFAH16ABWoAACh7AE3i27qxH68V6XbSuWMuZI/AD1tsnL8mNMQ==</latexit>

Y
<latexit sha1_base64="6MpJB/1gciWIy6VlFlf9Qphi6WE=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwqRUk+6Kbly2YB/ShjKZTtqxk0mYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733BAlnSiP0Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWN3qaUD/CI8FCRrA2UvN2UCojG9UqrleFyHadC+c8JzXPc2sIOjaaowyWaAxK7/1hTNKICk04VqrnoET7GZaaEU5nxX6qaILJBI9oz1CBI6r8bH7oDJ4aZQjDWJoSGs7V7xMZjpSaRoHpjLAeq99eLv7l9VIden7GRJJqKshiUZhyqGOYfw2HTFKi+dQQTCQzt0IyxhITbbIpmhC+PoX/k3bFdpDtNKvl+uUyjgI4BifgDDjABXVwDRqgBQig4AE8gWfrznq0XqzXReuKtZw5Aj9gvX0CQHWNPA==</latexit><latexit sha1_base64="6MpJB/1gciWIy6VlFlf9Qphi6WE=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwqRUk+6Kbly2YB/ShjKZTtqxk0mYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733BAlnSiP0Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWN3qaUD/CI8FCRrA2UvN2UCojG9UqrleFyHadC+c8JzXPc2sIOjaaowyWaAxK7/1hTNKICk04VqrnoET7GZaaEU5nxX6qaILJBI9oz1CBI6r8bH7oDJ4aZQjDWJoSGs7V7xMZjpSaRoHpjLAeq99eLv7l9VIden7GRJJqKshiUZhyqGOYfw2HTFKi+dQQTCQzt0IyxhITbbIpmhC+PoX/k3bFdpDtNKvl+uUyjgI4BifgDDjABXVwDRqgBQig4AE8gWfrznq0XqzXReuKtZw5Aj9gvX0CQHWNPA==</latexit><latexit sha1_base64="6MpJB/1gciWIy6VlFlf9Qphi6WE=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwqRUk+6Kbly2YB/ShjKZTtqxk0mYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733BAlnSiP0Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWN3qaUD/CI8FCRrA2UvN2UCojG9UqrleFyHadC+c8JzXPc2sIOjaaowyWaAxK7/1hTNKICk04VqrnoET7GZaaEU5nxX6qaILJBI9oz1CBI6r8bH7oDJ4aZQjDWJoSGs7V7xMZjpSaRoHpjLAeq99eLv7l9VIden7GRJJqKshiUZhyqGOYfw2HTFKi+dQQTCQzt0IyxhITbbIpmhC+PoX/k3bFdpDtNKvl+uUyjgI4BifgDDjABXVwDRqgBQig4AE8gWfrznq0XqzXReuKtZw5Aj9gvX0CQHWNPA==</latexit><latexit sha1_base64="6MpJB/1gciWIy6VlFlf9Qphi6WE=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwqRUk+6Kbly2YB/ShjKZTtqxk0mYmQgl9AvcuFDErZ/kzr9x0lZQ0QMXDufcy733BAlnSiP0Ya2srq1vbBa2its7u3v7pYPDtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaCyVXud+6pVCwWN3qaUD/CI8FCRrA2UvN2UCojG9UqrleFyHadC+c8JzXPc2sIOjaaowyWaAxK7/1hTNKICk04VqrnoET7GZaaEU5nxX6qaILJBI9oz1CBI6r8bH7oDJ4aZQjDWJoSGs7V7xMZjpSaRoHpjLAeq99eLv7l9VIden7GRJJqKshiUZhyqGOYfw2HTFKi+dQQTCQzt0IyxhITbbIpmhC+PoX/k3bFdpDtNKvl+uUyjgI4BifgDDjABXVwDRqgBQig4AE8gWfrznq0XqzXReuKtZw5Aj9gvX0CQHWNPA==</latexit>

X†
<latexit sha1_base64="TnAKVuipHWAdKpScBui8Pn5lqqQ=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFSalmnRXdOOygm0DbSyTyaQdOnk4MxFK6E+4caGIW3/HnX/jpK2gogcuHM65l3vv8VPOpELowyitrK6tb5Q3K1vbO7t71f2DrkwyQWiHJDwRro8l5SymHcUUp24qKI58Tnv+5LLwe/dUSJbEN2qaUi/Co5iFjGClJde9zQcBHs2G1RoyUbNuOw2ITNs6t84K0nQcu4mgZaI5amCJ9rD6PggSkkU0VoRjKfsWSpWXY6EY4XRWGWSSpphM8Ij2NY1xRKWXz++dwROtBDBMhK5Ywbn6fSLHkZTTyNedEVZj+dsrxL+8fqZCx8tZnGaKxmSxKMw4VAksnocBE5QoPtUEE8H0rZCMscBE6YgqOoSvT+H/pFs3LWRa141a62IZRxkcgWNwCixggxa4Am3QAQRw8ACewLNxZzwaL8brorVkLGcOwQ8Yb5+k4pBf</latexit><latexit sha1_base64="TnAKVuipHWAdKpScBui8Pn5lqqQ=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFSalmnRXdOOygm0DbSyTyaQdOnk4MxFK6E+4caGIW3/HnX/jpK2gogcuHM65l3vv8VPOpELowyitrK6tb5Q3K1vbO7t71f2DrkwyQWiHJDwRro8l5SymHcUUp24qKI58Tnv+5LLwe/dUSJbEN2qaUi/Co5iFjGClJde9zQcBHs2G1RoyUbNuOw2ITNs6t84K0nQcu4mgZaI5amCJ9rD6PggSkkU0VoRjKfsWSpWXY6EY4XRWGWSSpphM8Ij2NY1xRKWXz++dwROtBDBMhK5Ywbn6fSLHkZTTyNedEVZj+dsrxL+8fqZCx8tZnGaKxmSxKMw4VAksnocBE5QoPtUEE8H0rZCMscBE6YgqOoSvT+H/pFs3LWRa141a62IZRxkcgWNwCixggxa4Am3QAQRw8ACewLNxZzwaL8brorVkLGcOwQ8Yb5+k4pBf</latexit><latexit sha1_base64="TnAKVuipHWAdKpScBui8Pn5lqqQ=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFSalmnRXdOOygm0DbSyTyaQdOnk4MxFK6E+4caGIW3/HnX/jpK2gogcuHM65l3vv8VPOpELowyitrK6tb5Q3K1vbO7t71f2DrkwyQWiHJDwRro8l5SymHcUUp24qKI58Tnv+5LLwe/dUSJbEN2qaUi/Co5iFjGClJde9zQcBHs2G1RoyUbNuOw2ITNs6t84K0nQcu4mgZaI5amCJ9rD6PggSkkU0VoRjKfsWSpWXY6EY4XRWGWSSpphM8Ij2NY1xRKWXz++dwROtBDBMhK5Ywbn6fSLHkZTTyNedEVZj+dsrxL+8fqZCx8tZnGaKxmSxKMw4VAksnocBE5QoPtUEE8H0rZCMscBE6YgqOoSvT+H/pFs3LWRa141a62IZRxkcgWNwCixggxa4Am3QAQRw8ACewLNxZzwaL8brorVkLGcOwQ8Yb5+k4pBf</latexit><latexit sha1_base64="TnAKVuipHWAdKpScBui8Pn5lqqQ=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFSalmnRXdOOygm0DbSyTyaQdOnk4MxFK6E+4caGIW3/HnX/jpK2gogcuHM65l3vv8VPOpELowyitrK6tb5Q3K1vbO7t71f2DrkwyQWiHJDwRro8l5SymHcUUp24qKI58Tnv+5LLwe/dUSJbEN2qaUi/Co5iFjGClJde9zQcBHs2G1RoyUbNuOw2ITNs6t84K0nQcu4mgZaI5amCJ9rD6PggSkkU0VoRjKfsWSpWXY6EY4XRWGWSSpphM8Ij2NY1xRKWXz++dwROtBDBMhK5Ywbn6fSLHkZTTyNedEVZj+dsrxL+8fqZCx8tZnGaKxmSxKMw4VAksnocBE5QoPtUEE8H0rZCMscBE6YgqOoSvT+H/pFs3LWRa141a62IZRxkcgWNwCixggxa4Am3QAQRw8ACewLNxZzwaL8brorVkLGcOwQ8Yb5+k4pBf</latexit>

Leptons

<latexit sha1_base64="3vJTp8DBlSfEyeJxgaAKGFR152U=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZUZ7orunHhooJ9QDuUTJq2oZlMSDJCGfoRblwo4tbvceffmGkrqOiBC4dz7uXeeyLJmTYIfTgrq2vrG5uFreL2zu7efungsKWTVBHaJAlPVCfCmnImaNMww2lHKorjiNN2NLnK/fY9VZol4s5MJQ1jPBJsyAg2VmrfUGkSofulMnJRreIHVYhc37vwznNSCwK/hqDnojnKYIlGv/TeGyQkjakwhGOtux6SJsywMoxwOiv2Uk0lJhM8ol1LBY6pDrP5uTN4apUBHCbKljBwrn6fyHCs9TSObGeMzVj/9nLxL6+bmmEQZkzI1FBBFouGKYcmgfnvcMAUJYZPLcFEMXsrJGOsMDE2oaIN4etT+D9pVVwPud5ttVy/XMZRAMfgBJwBD/igDq5BAzQBARPwAJ7AsyOdR+fFeV20rjjLmSPwA87bJwKPkAQ=</latexit><latexit sha1_base64="3vJTp8DBlSfEyeJxgaAKGFR152U=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZUZ7orunHhooJ9QDuUTJq2oZlMSDJCGfoRblwo4tbvceffmGkrqOiBC4dz7uXeeyLJmTYIfTgrq2vrG5uFreL2zu7efungsKWTVBHaJAlPVCfCmnImaNMww2lHKorjiNN2NLnK/fY9VZol4s5MJQ1jPBJsyAg2VmrfUGkSofulMnJRreIHVYhc37vwznNSCwK/hqDnojnKYIlGv/TeGyQkjakwhGOtux6SJsywMoxwOiv2Uk0lJhM8ol1LBY6pDrP5uTN4apUBHCbKljBwrn6fyHCs9TSObGeMzVj/9nLxL6+bmmEQZkzI1FBBFouGKYcmgfnvcMAUJYZPLcFEMXsrJGOsMDE2oaIN4etT+D9pVVwPud5ttVy/XMZRAMfgBJwBD/igDq5BAzQBARPwAJ7AsyOdR+fFeV20rjjLmSPwA87bJwKPkAQ=</latexit><latexit sha1_base64="3vJTp8DBlSfEyeJxgaAKGFR152U=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZUZ7orunHhooJ9QDuUTJq2oZlMSDJCGfoRblwo4tbvceffmGkrqOiBC4dz7uXeeyLJmTYIfTgrq2vrG5uFreL2zu7efungsKWTVBHaJAlPVCfCmnImaNMww2lHKorjiNN2NLnK/fY9VZol4s5MJQ1jPBJsyAg2VmrfUGkSofulMnJRreIHVYhc37vwznNSCwK/hqDnojnKYIlGv/TeGyQkjakwhGOtux6SJsywMoxwOiv2Uk0lJhM8ol1LBY6pDrP5uTN4apUBHCbKljBwrn6fyHCs9TSObGeMzVj/9nLxL6+bmmEQZkzI1FBBFouGKYcmgfnvcMAUJYZPLcFEMXsrJGOsMDE2oaIN4etT+D9pVVwPud5ttVy/XMZRAMfgBJwBD/igDq5BAzQBARPwAJ7AsyOdR+fFeV20rjjLmSPwA87bJwKPkAQ=</latexit><latexit sha1_base64="3vJTp8DBlSfEyeJxgaAKGFR152U=">AAAB7nicdVDLSgMxFM34rPVVdekmWARXQ6ZUZ7orunHhooJ9QDuUTJq2oZlMSDJCGfoRblwo4tbvceffmGkrqOiBC4dz7uXeeyLJmTYIfTgrq2vrG5uFreL2zu7efungsKWTVBHaJAlPVCfCmnImaNMww2lHKorjiNN2NLnK/fY9VZol4s5MJQ1jPBJsyAg2VmrfUGkSofulMnJRreIHVYhc37vwznNSCwK/hqDnojnKYIlGv/TeGyQkjakwhGOtux6SJsywMoxwOiv2Uk0lJhM8ol1LBY6pDrP5uTN4apUBHCbKljBwrn6fyHCs9TSObGeMzVj/9nLxL6+bmmEQZkzI1FBBFouGKYcmgfnvcMAUJYZPLcFEMXsrJGOsMDE2oaIN4etT+D9pVVwPud5ttVy/XMZRAMfgBJwBD/igDq5BAzQBARPwAJ7AsyOdR+fFeV20rjjLmSPwA87bJwKPkAQ=</latexit>

QSM
<latexit sha1_base64="Jn+khT57YKSi30XYrAjevdWEeCI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKlOtNd0Y0boUX7gHYomTRtYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77wlizpRG6MPKrayurW/kNwtb2zu7e8X9g5YSiSS0SQQXshNgRTmLaFMzzWknlhSHAaftYHKZ+e17KhUT0a2extQP8ShiQ0awNlKr0U9vrmf9YgnZqFp2vQpEtuucO2cZqXqeW0XQsdEcJbBEvV987w0ESUIaacKxUl0HxdpPsdSMcDor9BJFY0wmeES7hkY4pMpP59fO4IlRBnAopKlIw7n6fSLFoVLTMDCdIdZj9dvLxL+8bqKHnp+yKE40jchi0TDhUAuYvQ4HTFKi+dQQTCQzt0IyxhITbQIqmBC+PoX/k1bZdpDtNCql2sUyjjw4AsfgFDjABTVwBeqgCQi4Aw/gCTxbwnq0XqzXRWvOWs4cgh+w3j4B7NuPXQ==</latexit><latexit sha1_base64="Jn+khT57YKSi30XYrAjevdWEeCI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKlOtNd0Y0boUX7gHYomTRtYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77wlizpRG6MPKrayurW/kNwtb2zu7e8X9g5YSiSS0SQQXshNgRTmLaFMzzWknlhSHAaftYHKZ+e17KhUT0a2extQP8ShiQ0awNlKr0U9vrmf9YgnZqFp2vQpEtuucO2cZqXqeW0XQsdEcJbBEvV987w0ESUIaacKxUl0HxdpPsdSMcDor9BJFY0wmeES7hkY4pMpP59fO4IlRBnAopKlIw7n6fSLFoVLTMDCdIdZj9dvLxL+8bqKHnp+yKE40jchi0TDhUAuYvQ4HTFKi+dQQTCQzt0IyxhITbQIqmBC+PoX/k1bZdpDtNCql2sUyjjw4AsfgFDjABTVwBeqgCQi4Aw/gCTxbwnq0XqzXRWvOWs4cgh+w3j4B7NuPXQ==</latexit><latexit sha1_base64="Jn+khT57YKSi30XYrAjevdWEeCI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKlOtNd0Y0boUX7gHYomTRtYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77wlizpRG6MPKrayurW/kNwtb2zu7e8X9g5YSiSS0SQQXshNgRTmLaFMzzWknlhSHAaftYHKZ+e17KhUT0a2extQP8ShiQ0awNlKr0U9vrmf9YgnZqFp2vQpEtuucO2cZqXqeW0XQsdEcJbBEvV987w0ESUIaacKxUl0HxdpPsdSMcDor9BJFY0wmeES7hkY4pMpP59fO4IlRBnAopKlIw7n6fSLFoVLTMDCdIdZj9dvLxL+8bqKHnp+yKE40jchi0TDhUAuYvQ4HTFKi+dQQTCQzt0IyxhITbQIqmBC+PoX/k1bZdpDtNCql2sUyjjw4AsfgFDjABTVwBeqgCQi4Aw/gCTxbwnq0XqzXRWvOWs4cgh+w3j4B7NuPXQ==</latexit><latexit sha1_base64="Jn+khT57YKSi30XYrAjevdWEeCI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKlOtNd0Y0boUX7gHYomTRtYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77wlizpRG6MPKrayurW/kNwtb2zu7e8X9g5YSiSS0SQQXshNgRTmLaFMzzWknlhSHAaftYHKZ+e17KhUT0a2extQP8ShiQ0awNlKr0U9vrmf9YgnZqFp2vQpEtuucO2cZqXqeW0XQsdEcJbBEvV987w0ESUIaacKxUl0HxdpPsdSMcDor9BJFY0wmeES7hkY4pMpP59fO4IlRBnAopKlIw7n6fSLFoVLTMDCdIdZj9dvLxL+8bqKHnp+yKE40jchi0TDhUAuYvQ4HTFKi+dQQTCQzt0IyxhITbQIqmBC+PoX/k1bZdpDtNCql2sUyjjw4AsfgFDjABTVwBeqgCQi4Aw/gCTxbwnq0XqzXRWvOWs4cgh+w3j4B7NuPXQ==</latexit>

QDark
<latexit sha1_base64="YFPf8SVjx+/J3ms830VBbdqIl4k=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9iUatJbUQ8eW7C20Iay2W7apZtN3N0IJfRPePGgiFf/jjf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/uFVxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNNOMLnM/c49lYrF4kZPE+pHeCRYyAjWRuq2BtkVlpPZoFxBNqpXXa8Gke06585ZTuqe59YRdGw0RwUs0RyU3/vDmKQRFZpwrFTPQYn2Myw1I5zOSv1U0QSTCR7RnqECR1T52fzeGTwxyhCGsTQlNJyr3ycyHCk1jQLTGWE9Vr+9XPzL66U69PyMiSTVVJDFojDlUMcwfx4OmaRE86khmEhmboVkjCUm2kRUMiF8fQr/J7dV20G206pVGhfLOIrgCByDU+AAFzTANWiCNiCAgwfwBJ6tO+vRerFeF60FazlzCH7AevsEkkSQUw==</latexit><latexit sha1_base64="YFPf8SVjx+/J3ms830VBbdqIl4k=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9iUatJbUQ8eW7C20Iay2W7apZtN3N0IJfRPePGgiFf/jjf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/uFVxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNNOMLnM/c49lYrF4kZPE+pHeCRYyAjWRuq2BtkVlpPZoFxBNqpXXa8Gke06585ZTuqe59YRdGw0RwUs0RyU3/vDmKQRFZpwrFTPQYn2Myw1I5zOSv1U0QSTCR7RnqECR1T52fzeGTwxyhCGsTQlNJyr3ycyHCk1jQLTGWE9Vr+9XPzL66U69PyMiSTVVJDFojDlUMcwfx4OmaRE86khmEhmboVkjCUm2kRUMiF8fQr/J7dV20G206pVGhfLOIrgCByDU+AAFzTANWiCNiCAgwfwBJ6tO+vRerFeF60FazlzCH7AevsEkkSQUw==</latexit><latexit sha1_base64="YFPf8SVjx+/J3ms830VBbdqIl4k=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9iUatJbUQ8eW7C20Iay2W7apZtN3N0IJfRPePGgiFf/jjf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/uFVxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNNOMLnM/c49lYrF4kZPE+pHeCRYyAjWRuq2BtkVlpPZoFxBNqpXXa8Gke06585ZTuqe59YRdGw0RwUs0RyU3/vDmKQRFZpwrFTPQYn2Myw1I5zOSv1U0QSTCR7RnqECR1T52fzeGTwxyhCGsTQlNJyr3ycyHCk1jQLTGWE9Vr+9XPzL66U69PyMiSTVVJDFojDlUMcwfx4OmaRE86khmEhmboVkjCUm2kRUMiF8fQr/J7dV20G206pVGhfLOIrgCByDU+AAFzTANWiCNiCAgwfwBJ6tO+vRerFeF60FazlzCH7AevsEkkSQUw==</latexit><latexit sha1_base64="YFPf8SVjx+/J3ms830VBbdqIl4k=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9iUatJbUQ8eW7C20Iay2W7apZtN3N0IJfRPePGgiFf/jjf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/uFVxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNNOMLnM/c49lYrF4kZPE+pHeCRYyAjWRuq2BtkVlpPZoFxBNqpXXa8Gke06585ZTuqe59YRdGw0RwUs0RyU3/vDmKQRFZpwrFTPQYn2Myw1I5zOSv1U0QSTCR7RnqECR1T52fzeGTwxyhCGsTQlNJyr3ycyHCk1jQLTGWE9Vr+9XPzL66U69PyMiSTVVJDFojDlUMcwfx4OmaRE86khmEhmboVkjCUm2kRUMiF8fQr/J7dV20G206pVGhfLOIrgCByDU+AAFzTANWiCNiCAgwfwBJ6tO+vRerFeF60FazlzCH7AevsEkkSQUw==</latexit>

QSM
<latexit sha1_base64="Jn+khT57YKSi30XYrAjevdWEeCI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKlOtNd0Y0boUX7gHYomTRtYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77wlizpRG6MPKrayurW/kNwtb2zu7e8X9g5YSiSS0SQQXshNgRTmLaFMzzWknlhSHAaftYHKZ+e17KhUT0a2extQP8ShiQ0awNlKr0U9vrmf9YgnZqFp2vQpEtuucO2cZqXqeW0XQsdEcJbBEvV987w0ESUIaacKxUl0HxdpPsdSMcDor9BJFY0wmeES7hkY4pMpP59fO4IlRBnAopKlIw7n6fSLFoVLTMDCdIdZj9dvLxL+8bqKHnp+yKE40jchi0TDhUAuYvQ4HTFKi+dQQTCQzt0IyxhITbQIqmBC+PoX/k1bZdpDtNCql2sUyjjw4AsfgFDjABTVwBeqgCQi4Aw/gCTxbwnq0XqzXRWvOWs4cgh+w3j4B7NuPXQ==</latexit><latexit sha1_base64="Jn+khT57YKSi30XYrAjevdWEeCI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKlOtNd0Y0boUX7gHYomTRtYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77wlizpRG6MPKrayurW/kNwtb2zu7e8X9g5YSiSS0SQQXshNgRTmLaFMzzWknlhSHAaftYHKZ+e17KhUT0a2extQP8ShiQ0awNlKr0U9vrmf9YgnZqFp2vQpEtuucO2cZqXqeW0XQsdEcJbBEvV987w0ESUIaacKxUl0HxdpPsdSMcDor9BJFY0wmeES7hkY4pMpP59fO4IlRBnAopKlIw7n6fSLFoVLTMDCdIdZj9dvLxL+8bqKHnp+yKE40jchi0TDhUAuYvQ4HTFKi+dQQTCQzt0IyxhITbQIqmBC+PoX/k1bZdpDtNCql2sUyjjw4AsfgFDjABTVwBeqgCQi4Aw/gCTxbwnq0XqzXRWvOWs4cgh+w3j4B7NuPXQ==</latexit><latexit sha1_base64="Jn+khT57YKSi30XYrAjevdWEeCI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKlOtNd0Y0boUX7gHYomTRtYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77wlizpRG6MPKrayurW/kNwtb2zu7e8X9g5YSiSS0SQQXshNgRTmLaFMzzWknlhSHAaftYHKZ+e17KhUT0a2extQP8ShiQ0awNlKr0U9vrmf9YgnZqFp2vQpEtuucO2cZqXqeW0XQsdEcJbBEvV987w0ESUIaacKxUl0HxdpPsdSMcDor9BJFY0wmeES7hkY4pMpP59fO4IlRBnAopKlIw7n6fSLFoVLTMDCdIdZj9dvLxL+8bqKHnp+yKE40jchi0TDhUAuYvQ4HTFKi+dQQTCQzt0IyxhITbQIqmBC+PoX/k1bZdpDtNCql2sUyjjw4AsfgFDjABTVwBeqgCQi4Aw/gCTxbwnq0XqzXRWvOWs4cgh+w3j4B7NuPXQ==</latexit><latexit sha1_base64="Jn+khT57YKSi30XYrAjevdWEeCI=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKlOtNd0Y0boUX7gHYomTRtYzOTIckIZeg/uHGhiFv/x51/Y6atoKIHLhzOuZd77wlizpRG6MPKrayurW/kNwtb2zu7e8X9g5YSiSS0SQQXshNgRTmLaFMzzWknlhSHAaftYHKZ+e17KhUT0a2extQP8ShiQ0awNlKr0U9vrmf9YgnZqFp2vQpEtuucO2cZqXqeW0XQsdEcJbBEvV987w0ESUIaacKxUl0HxdpPsdSMcDor9BJFY0wmeES7hkY4pMpP59fO4IlRBnAopKlIw7n6fSLFoVLTMDCdIdZj9dvLxL+8bqKHnp+yKE40jchi0TDhUAuYvQ4HTFKi+dQQTCQzt0IyxhITbQIqmBC+PoX/k1bZdpDtNCql2sUyjjw4AsfgFDjABTVwBeqgCQi4Aw/gCTxbwnq0XqzXRWvOWs4cgh+w3j4B7NuPXQ==</latexit>

QDark
<latexit sha1_base64="YFPf8SVjx+/J3ms830VBbdqIl4k=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9iUatJbUQ8eW7C20Iay2W7apZtN3N0IJfRPePGgiFf/jjf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/uFVxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNNOMLnM/c49lYrF4kZPE+pHeCRYyAjWRuq2BtkVlpPZoFxBNqpXXa8Gke06585ZTuqe59YRdGw0RwUs0RyU3/vDmKQRFZpwrFTPQYn2Myw1I5zOSv1U0QSTCR7RnqECR1T52fzeGTwxyhCGsTQlNJyr3ycyHCk1jQLTGWE9Vr+9XPzL66U69PyMiSTVVJDFojDlUMcwfx4OmaRE86khmEhmboVkjCUm2kRUMiF8fQr/J7dV20G206pVGhfLOIrgCByDU+AAFzTANWiCNiCAgwfwBJ6tO+vRerFeF60FazlzCH7AevsEkkSQUw==</latexit><latexit sha1_base64="YFPf8SVjx+/J3ms830VBbdqIl4k=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9iUatJbUQ8eW7C20Iay2W7apZtN3N0IJfRPePGgiFf/jjf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/uFVxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNNOMLnM/c49lYrF4kZPE+pHeCRYyAjWRuq2BtkVlpPZoFxBNqpXXa8Gke06585ZTuqe59YRdGw0RwUs0RyU3/vDmKQRFZpwrFTPQYn2Myw1I5zOSv1U0QSTCR7RnqECR1T52fzeGTwxyhCGsTQlNJyr3ycyHCk1jQLTGWE9Vr+9XPzL66U69PyMiSTVVJDFojDlUMcwfx4OmaRE86khmEhmboVkjCUm2kRUMiF8fQr/J7dV20G206pVGhfLOIrgCByDU+AAFzTANWiCNiCAgwfwBJ6tO+vRerFeF60FazlzCH7AevsEkkSQUw==</latexit><latexit sha1_base64="YFPf8SVjx+/J3ms830VBbdqIl4k=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9iUatJbUQ8eW7C20Iay2W7apZtN3N0IJfRPePGgiFf/jjf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/uFVxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNNOMLnM/c49lYrF4kZPE+pHeCRYyAjWRuq2BtkVlpPZoFxBNqpXXa8Gke06585ZTuqe59YRdGw0RwUs0RyU3/vDmKQRFZpwrFTPQYn2Myw1I5zOSv1U0QSTCR7RnqECR1T52fzeGTwxyhCGsTQlNJyr3ycyHCk1jQLTGWE9Vr+9XPzL66U69PyMiSTVVJDFojDlUMcwfx4OmaRE86khmEhmboVkjCUm2kRUMiF8fQr/J7dV20G206pVGhfLOIrgCByDU+AAFzTANWiCNiCAgwfwBJ6tO+vRerFeF60FazlzCH7AevsEkkSQUw==</latexit><latexit sha1_base64="YFPf8SVjx+/J3ms830VBbdqIl4k=">AAAB73icdVBNS8NAEN3Ur1q/qh69LBbBU9iUatJbUQ8eW7C20Iay2W7apZtN3N0IJfRPePGgiFf/jjf/jZu2goo+GHi8N8PMvCDhTGmEPqzCyura+kZxs7S1vbO7V94/uFVxKgltk5jHshtgRTkTtK2Z5rSbSIqjgNNOMLnM/c49lYrF4kZPE+pHeCRYyAjWRuq2BtkVlpPZoFxBNqpXXa8Gke06585ZTuqe59YRdGw0RwUs0RyU3/vDmKQRFZpwrFTPQYn2Myw1I5zOSv1U0QSTCR7RnqECR1T52fzeGTwxyhCGsTQlNJyr3ycyHCk1jQLTGWE9Vr+9XPzL66U69PyMiSTVVJDFojDlUMcwfx4OmaRE86khmEhmboVkjCUm2kRUMiF8fQr/J7dV20G206pVGhfLOIrgCByDU+AAFzTANWiCNiCAgwfwBJ6tO+vRerFeF60FazlzCH7AevsEkkSQUw==</latexit>

Counting particles in final states, we obtain
nD

nB
= 3.4

<latexit sha1_base64="8TXEhhwI5IO3vPyywZSrwICyJn4=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyyCqyFTq20XQqkuXFawD2hLyaSZNjSTGZKMUIYBf8WNC0Xc+h3u/BszbQUVPXAvh3PuJTfHDTlTGqEPK7O0vLK6ll3PbWxube/kd/daKogkoU0S8EB2XKwoZ4I2NdOcdkJJse9y2nYnl6nfvqNSsUDc6mlI+z4eCeYxgrWRBvmDnicxicXgKjGtnsALeGqXBvkCslG1WK6UILLLzrlzlpJqpVKuIujYaIYCWKAxyL/3hgGJfCo04ViproNC3Y+x1IxwmuR6kaIhJhM8ol1DBfap6sez8xN4bJQh9AJpSmg4U79vxNhXauq7ZtLHeqx+e6n4l9eNtFfpx0yEkaaCzB/yIg51ANMs4JBJSjSfGoKJZOZWSMbY5KFNYjkTwtdP4f+kVbQdZDs3pUKtvogjCw7BETgBDiiDGrgGDdAEBMTgATyBZ+veerRerNf5aMZa7OyDH7DePgEqcJT2</latexit><latexit sha1_base64="8TXEhhwI5IO3vPyywZSrwICyJn4=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyyCqyFTq20XQqkuXFawD2hLyaSZNjSTGZKMUIYBf8WNC0Xc+h3u/BszbQUVPXAvh3PuJTfHDTlTGqEPK7O0vLK6ll3PbWxube/kd/daKogkoU0S8EB2XKwoZ4I2NdOcdkJJse9y2nYnl6nfvqNSsUDc6mlI+z4eCeYxgrWRBvmDnicxicXgKjGtnsALeGqXBvkCslG1WK6UILLLzrlzlpJqpVKuIujYaIYCWKAxyL/3hgGJfCo04ViproNC3Y+x1IxwmuR6kaIhJhM8ol1DBfap6sez8xN4bJQh9AJpSmg4U79vxNhXauq7ZtLHeqx+e6n4l9eNtFfpx0yEkaaCzB/yIg51ANMs4JBJSjSfGoKJZOZWSMbY5KFNYjkTwtdP4f+kVbQdZDs3pUKtvogjCw7BETgBDiiDGrgGDdAEBMTgATyBZ+veerRerNf5aMZa7OyDH7DePgEqcJT2</latexit><latexit sha1_base64="8TXEhhwI5IO3vPyywZSrwICyJn4=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyyCqyFTq20XQqkuXFawD2hLyaSZNjSTGZKMUIYBf8WNC0Xc+h3u/BszbQUVPXAvh3PuJTfHDTlTGqEPK7O0vLK6ll3PbWxube/kd/daKogkoU0S8EB2XKwoZ4I2NdOcdkJJse9y2nYnl6nfvqNSsUDc6mlI+z4eCeYxgrWRBvmDnicxicXgKjGtnsALeGqXBvkCslG1WK6UILLLzrlzlpJqpVKuIujYaIYCWKAxyL/3hgGJfCo04ViproNC3Y+x1IxwmuR6kaIhJhM8ol1DBfap6sez8xN4bJQh9AJpSmg4U79vxNhXauq7ZtLHeqx+e6n4l9eNtFfpx0yEkaaCzB/yIg51ANMs4JBJSjSfGoKJZOZWSMbY5KFNYjkTwtdP4f+kVbQdZDs3pUKtvogjCw7BETgBDiiDGrgGDdAEBMTgATyBZ+veerRerNf5aMZa7OyDH7DePgEqcJT2</latexit><latexit sha1_base64="8TXEhhwI5IO3vPyywZSrwICyJn4=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyyCqyFTq20XQqkuXFawD2hLyaSZNjSTGZKMUIYBf8WNC0Xc+h3u/BszbQUVPXAvh3PuJTfHDTlTGqEPK7O0vLK6ll3PbWxube/kd/daKogkoU0S8EB2XKwoZ4I2NdOcdkJJse9y2nYnl6nfvqNSsUDc6mlI+z4eCeYxgrWRBvmDnicxicXgKjGtnsALeGqXBvkCslG1WK6UILLLzrlzlpJqpVKuIujYaIYCWKAxyL/3hgGJfCo04ViproNC3Y+x1IxwmuR6kaIhJhM8ol1DBfap6sez8xN4bJQh9AJpSmg4U79vxNhXauq7ZtLHeqx+e6n4l9eNtFfpx0yEkaaCzB/yIg51ANMs4JBJSjSfGoKJZOZWSMbY5KFNYjkTwtdP4f+kVbQdZDs3pUKtvogjCw7BETgBDiiDGrgGDdAEBMTgATyBZ+veerRerNf5aMZa7OyDH7DePgEqcJT2</latexit>

Suggests looking for models where 
⇤dQCD

⇤QCD
⇡ 1.5

<latexit sha1_base64="hm4BBqbmgFey+IMaAMLG1k3b5IU="></latexit><latexit sha1_base64="hm4BBqbmgFey+IMaAMLG1k3b5IU="></latexit><latexit sha1_base64="hm4BBqbmgFey+IMaAMLG1k3b5IU="></latexit><latexit sha1_base64="hm4BBqbmgFey+IMaAMLG1k3b5IU="></latexit>



TEXT

⇤QCD ⇡ 380MeV
<latexit sha1_base64="GcshBffVvkN33E3KM47S/ElqVRQ="></latexit><latexit sha1_base64="GcshBffVvkN33E3KM47S/ElqVRQ="></latexit><latexit sha1_base64="GcshBffVvkN33E3KM47S/ElqVRQ="></latexit><latexit sha1_base64="GcshBffVvkN33E3KM47S/ElqVRQ="></latexit>
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DETECTING DARK QCD

‣Dark pions could be 
formed at detectors 
(dashed lines) 

‣No interaction with 
detector, but would decay 
into SM particles (solid 
lines) 

‣Research is currently being 
done to search for these 
types of decays at LHC

Image: Schwaller, Stolarski, Weiler
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CONCLUSION

▸ Asymmetric DM: nD and nB share generation mechanism 

▸ Naturally explains order 1 ratio 

▸ Combined with Dark QCD in a GUT, the energy density 
ratio of the universe can be predicted 

▸ Quadrification can predict  

▸ Current searches for dark QCD at LHC focussing on dark 
jets

ΩD/ΩB ≈ 5
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EXPERIENTIAL LEARNING

▸ Technical Skills 

▸ C++, Matlab, LaTex, group theory, basic QFT 

▸ Communication Skills 

▸ Presentations, explaining difficult concepts, student-
supervisor relation, technical writing 

▸ Other Skills 

▸ Long-term project organization, effectively reading papers 
and textbooks


