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1.Model 

2.Dark QCD search at hadron collider  

3.Dark QCD search at ep collider  

Outline



We need a asymmetry between baryon and anti-baryon:  
1)C and CP violation  
2)B-number broken  
3)deviation from equilibrium 

Baryon mass comes from QCD confinement 

WIMP: 
Heavy Majorana particle freeze out   

WIMP mass is given by hand (soft term in SUSY)

Motivation

⌦DM : ⌦B ⇠ 5 : 1
<latexit sha1_base64="JmbmzHzpuADzGP5KwvCsZKKGrQc=">AAACEnicbVA9SwNBEN3zM8avU0ubxSBoE+78QLGSaGEjRjAayIWwt5nEJbt3x+6cGI78Bhv/io2FIrZWdv4bNx+FRh8MPN6bYWZemEhh0PO+nInJqemZ2dxcfn5hcWnZXVm9NnGqOVR4LGNdDZkBKSKooEAJ1UQDU6GEm7Bz0vdv7kAbEUdX2E2grlg7Ei3BGVqp4W4HFwrarBEg3GN2et47+iWUejQwQtH9I7/hFryiNwD9S/wRKZARyg33M2jGPFUQIZfMmJrvJVjPmEbBJfTyQWogYbzD2lCzNGIKTD0bvNSjm1Zp0lasbUVIB+rPiYwpY7oqtJ2K4a0Z9/rif14txdZhPRNRkiJEfLiolUqKMe3nQ5tCA0fZtYRxLeytlN8yzTjaFPM2BH/85b/keqfo7xZ3LvcKx6VRHDmyTjbIFvHJATkmZ6RMKoSTB/JEXsir8+g8O2/O+7B1whnNrJFfcD6+AYEbnVU=</latexit>



So maybe the story is more like: 

B-number and D-number are produced at early universe, through  
some related process.  

Baryon mass and DM (dark baryon) mass comes from QCD and  
Dark-QCD respectively.  

Motivation

⌦DM : ⌦B ⇠ 5 : 1
<latexit sha1_base64="JmbmzHzpuADzGP5KwvCsZKKGrQc=">AAACEnicbVA9SwNBEN3zM8avU0ubxSBoE+78QLGSaGEjRjAayIWwt5nEJbt3x+6cGI78Bhv/io2FIrZWdv4bNx+FRh8MPN6bYWZemEhh0PO+nInJqemZ2dxcfn5hcWnZXVm9NnGqOVR4LGNdDZkBKSKooEAJ1UQDU6GEm7Bz0vdv7kAbEUdX2E2grlg7Ei3BGVqp4W4HFwrarBEg3GN2et47+iWUejQwQtH9I7/hFryiNwD9S/wRKZARyg33M2jGPFUQIZfMmJrvJVjPmEbBJfTyQWogYbzD2lCzNGIKTD0bvNSjm1Zp0lasbUVIB+rPiYwpY7oqtJ2K4a0Z9/rif14txdZhPRNRkiJEfLiolUqKMe3nQ5tCA0fZtYRxLeytlN8yzTjaFPM2BH/85b/keqfo7xZ3LvcKx6VRHDmyTjbIFvHJATkmZ6RMKoSTB/JEXsir8+g8O2/O+7B1whnNrJFfcD6+AYEbnVU=</latexit>



An Example: 1306.4676 Y. Bai & P. Schwaller

Out of equilibrium decay of heavy Mojarana fermion:

if Im[k1k
⇤
2 ]

2 6= 0, then
�(N1 ! Y1�†)� �(N1 ! Ȳ1�)

�(N1 ! Y1�†) + �(N1 ! Ȳ1�)
6= 0

<latexit sha1_base64="SStMzdHeevCasiEQanP9L4CTVXM="></latexit>

Y1: (3̄, 3)1/3
<latexit sha1_base64="wiRDzPQgyL6d7r46XbOox2e6kIo=">AAACDnicbVDJSgNBEO2JW4zbqEcvjUkggsSZRFA8Bb14jGAWScLQ0+kkTXoWumvEMMwXePFXvHhQxKtnb/6NneWgiQ8KHu9VUVXPDQVXYFnfRmppeWV1Lb2e2djc2t4xd/fqKogkZTUaiEA2XaKY4D6rAQfBmqFkxHMFa7jDq7HfuGdS8cC/hVHIOh7p+7zHKQEtOWa+DewBYpy7c+zcBc7FhbZLZFxOjstHiRPbJ+UkhxPHzFpFawK8SOwZyaIZqo751e4GNPKYD1QQpVq2FUInJhI4FSzJtCPFQkKHpM9amvrEY6oTT95JcF4rXdwLpC4f8ET9PRETT6mR5+pOj8BAzXtj8T+vFUHvvBNzP4yA+XS6qBcJDAEeZ4O7XDIKYqQJoZLrWzEdEEko6AQzOgR7/uVFUi8V7XKxdHOarVzO4kijA3SICshGZ6iCrlEV1RBFj+gZvaI348l4Md6Nj2lrypjN7KM/MD5/ABwJmZs=</latexit>

�: (3̄, 3)1/3
<latexit sha1_base64="9fihRYHdNNZI/1bPDITuJ/fUQoU=">AAACD3icbVDLSgNBEJyNrxhfUY9eBhMlgsTdRFA8Bb14jGAekF3C7GSSDJl9MNMrhmX/wIu/4sWDIl69evNvnCR70GhBQ1HVTXeXGwquwDS/jMzC4tLySnY1t7a+sbmV395pqiCSlDVoIALZdoligvusARwEa4eSEc8VrOWOriZ+645JxQP/FsYhczwy8HmfUwJa6uYPbWD3EOOiXR/y4gUuxiXbJTKuJsfVo6QbWyfVpIiTbr5gls0p8F9ipaSAUtS7+U+7F9DIYz5QQZTqWGYITkwkcCpYkrMjxUJCR2TAOpr6xGPKiaf/JPhAKz3cD6QuH/BU/TkRE0+psefqTo/AUM17E/E/rxNB/9yJuR9GwHw6W9SPBIYAT8LBPS4ZBTHWhFDJ9a2YDokkFHSEOR2CNf/yX9KslK1quXJzWqhdpnFk0R7aRyVkoTNUQ9eojhqIogf0hF7Qq/FoPBtvxvusNWOkM7voF4yPbzSmmjk=</latexit>

SU(3)⇥dark SU(3)⇥ U(1)Y :
<latexit sha1_base64="DkEa8w04aDtvxIXeHspt0WGJoYM=">AAACGHicbVDLTgJBEJzFF+IL9ehlIpjABXfBROOJ6MUjRhcw7IbMDgNOmH1kptdINnyGF3/FiweN8crNv3F4HASspJNKVXe6u7xIcAWm+WOkVlbX1jfSm5mt7Z3dvez+QV2FsaTMpqEIZdMjigkeMBs4CNaMJCO+J1jD61+P/cYTk4qHwT0MIub6pBfwLqcEtNTOnjrAniHB+Tu7UCk6wH2m8h0i+3MKtgtWsf2Qvxy2szmzZE6Al4k1Izk0Q62dHTmdkMY+C4AKolTLMiNwEyKBU8GGGSdWLCK0T3qspWlA9Do3mTw2xCda6eBuKHUFgCfq34mE+EoNfE93+gQe1aI3Fv/zWjF0L9yEB1EMLKDTRd1YYAjxOCXc4ZJREANNCJVc34rpI5GEgs4yo0OwFl9eJvVyyaqUyrdnuerVLI40OkLHqIAsdI6q6AbVkI0oekFv6AN9Gq/Gu/FlfE9bU8Zs5hDNwRj9AiFAnU0=</latexit>



An Example: 1306.4676 Y. Bai & P. Schwaller

Then we need to break B and D:

This term break B and D
Y2: (3̄, 3)�2/3

<latexit sha1_base64="C3YPw5l+k06J+Q/ZJJ/VRAW2rsk=">AAACDXicbVDJSgNBEO2JW4xb1KOXxowQQeNMIiiegl48RjCLJGHo6XSSJj0L3TViGOYHvPgrXjwo4tW7N//GznLQxAcFj/eqqKrnhoIrsKxvI7WwuLS8kl7NrK1vbG5lt3dqKogkZVUaiEA2XKKY4D6rAgfBGqFkxHMFq7uDq5Ffv2dS8cC/hWHI2h7p+bzLKQEtOVmzBewBYmzeOUXzApv5lktkXEqOSodOfFw8KSUmTpxszipYY+B5Yk9JDk1RcbJfrU5AI4/5QAVRqmlbIbRjIoFTwZJMK1IsJHRAeqypqU88ptrx+JsEH2ilg7uB1OUDHqu/J2LiKTX0XN3pEeirWW8k/uc1I+iet2PuhxEwn04WdSOBIcCjaHCHS0ZBDDUhVHJ9K6Z9IgkFHWBGh2DPvjxPasWCXSoUb05z5ctpHGm0h/ZRHtnoDJXRNaqgKqLoET2jV/RmPBkvxrvxMWlNGdOZXfQHxucPtUuYyA==</latexit>

eR: right-hand lepton
<latexit sha1_base64="2YUFmx03VtbwQNL3KSY4eyTTT9Q=">AAACCnicbVDJSgNBEO1xjXGLevTSGgUvhhkVFE+iF49RzAJJGHp6KkmTnp6hu0YMQ85e/BUvHhTx6hd482/sLAe3BwWP96qoqhckUhh03U9nanpmdm4+t5BfXFpeWS2srVdNnGoOFR7LWNcDZkAKBRUUKKGeaGBRIKEW9C6Gfu0WtBGxusF+Aq2IdZRoC87QSn5hq4lwhxndAf9655Rq0enifpepkEpIMFZ04BeKbskdgf4l3oQUyQRlv/DRDGOeRqCQS2ZMw3MTbGVMo+ASBvlmaiBhvMc60LBUsQhMKxu9MqC7VglpO9a2FNKR+n0iY5Ex/SiwnRHDrvntDcX/vEaK7ZNWJlSSIig+XtROJcWYDnOhodDAUfYtYVwLeyvlXaYZR5te3obg/X75L6kelLzD0sHVUfHsfBJHjmySbbJHPHJMzsglKZMK4eSePJJn8uI8OE/Oq/M2bp1yJjMb5Aec9y+xU5mi</latexit>

dR: right-hand quark
<latexit sha1_base64="3SbLcF0e44990DezBWpCy1JYiqY=">AAACCXicbVC7SgNBFJ2NrxhfUUubwUSwMexGQbEK2lhGMQ9IlmV2dpIMmZ1dZ+6KYUlr46/YWChi6x/Y+TdOHoUmHrhwOOde7r3HjwXXYNvfVmZhcWl5JbuaW1vf2NzKb+/UdZQoymo0EpFq+kQzwSWrAQfBmrFiJPQFa/j9y5HfuGdK80jewiBmbki6knc4JWAkL4/bwB4gxcXAuymeY8W7PTjqERngu4SoPh56+YJdssfA88SZkgKaourlv9pBRJOQSaCCaN1y7BjclCjgVLBhrp1oFhPaJ13WMlSSkGk3HX8yxAdGCXAnUqYk4LH6eyIlodaD0DedIYGenvVG4n9eK4HOmZtyGSfAJJ0s6iQCQ4RHseCAK0ZBDAwhVHFzK6Y9oggFE17OhODMvjxP6uWSc1wqX58UKhfTOLJoD+2jQ+SgU1RBV6iKaoiiR/SMXtGb9WS9WO/Wx6Q1Y01ndtEfWJ8/2FqZKQ==</latexit>

XL: left-hand dark quark
<latexit sha1_base64="Vr+vNhyr1/DdIVe+vCow6xQbEGQ=">AAACDXicbVC7SgNBFJ2N7/iKWtoMJoKNYTcKipVoY2ERwWggCWF29m4yZHZ2nbkrhiU/YOOv2FgoYmtv5984eRS+DtzL4Zx7mbnHT6Qw6LqfTm5qemZ2bn4hv7i0vLJaWFu/MnGqOdR4LGNd95kBKRTUUKCEeqKBRb6Ea793OvSvb0EbEatL7CfQilhHiVBwhlZqF0pNhDvMaKnePi8dUQkh7naZCmjAdI/epMM+aBeKbtkdgf4l3oQUyQTVduGjGcQ8jUAhl8yYhucm2MqYRsElDPLN1EDCeI91oGGpYhGYVja6ZkC3rRLQMNa2FNKR+n0jY5Ex/ci3kxHDrvntDcX/vEaK4WErEypJERQfPxSmkmJMh9HQQGjgKPuWMK6F/SvlXaYZRxtg3obg/T75L7mqlL29cuViv3h8MoljnmySLbJDPHJAjskZqZIa4eSePJJn8uI8OE/Oq/M2Hs05k50N8gPO+xd4kJqO</latexit>

For collider search, only important term is �X̄q
<latexit sha1_base64="UM/VdeVqL2tLQEfzMFai0qrf24M="></latexit>



Collider search

There can be two portals, quark portal or lepton portal:

�X̄q
<latexit sha1_base64="c12mY40XxnXdSx0jcbzBWVmrL8Y=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mqoMeiF48V7Ac0oUy2m3bpZrPubsQS8le8eFDEq3/Em//GbZuDtj4YeLw3w8y8UDCqtOt+W6W19Y3NrfJ2ZWd3b//APqx2VJJKTNo4YYnshaAIo5y0NdWM9IQkEIeMdMPJzczvPhKpaMLv9VSQIIYRpxHFoI00sKv+BIQAvzWmfggy6+UPA7vm1t05nFXiFaSGCrQG9pc/THAaE64xA6X6nit0kIHUFDOSV/xUEQF4AiPSN5RDTFSQzW/PnVOjDJ0okaa4dubq74kMYqWmcWg6Y9BjtezNxP+8fqqjqyCjXKSacLxYFKXM0YkzC8IZUkmwZlNDAEtqbnXwGCRgbeKqmBC85ZdXSadR987rjbuLWvO6iKOMjtEJOkMeukRNdItaqI0wekLP6BW9Wbn1Yr1bH4vWklXMHKE/sD5/AEuVlJs=</latexit>

�X̄e
<latexit sha1_base64="XWKtbOA1T3rVNKs36wW24M8t2og=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJIq6LHoxWMF+wFNKJPtpl262Sy7G7GE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvkpxp43nfztr6xubWdmmnvLu3f3DoHlXaOs0UoS2S8lR1I9CUM0FbhhlOu1JRSCJOO9H4duZ3HqnSLBUPZiJpmMBQsJgRMFbqu5VgDFJC0ByxIAKVd6e071a9mjcHXiV+QaqoQLPvfgWDlGQJFYZw0Lrne9KEOSjDCKfTcpBpKoGMYUh7lgpIqA7z+e1TfGaVAY5TZUsYPFd/T+SQaD1JItuZgBnpZW8m/uf1MhNfhzkTMjNUkMWiOOPYpHgWBB4wRYnhE0uAKGZvxWQECoixcZVtCP7yy6ukXa/5F7X6/WW1cVPEUUIn6BSdIx9doQa6Q03UQgQ9oWf0it6cqfPivDsfi9Y1p5g5Rn/gfP4AOWWUjw==</latexit>

X̄, q, e are very light,� is around TeV scale.
<latexit sha1_base64="v2/Vk+toWLbkK6XOXtxlgjeu6XI="></latexit>

hadron collider 

ep collider 
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Because of color confinement in dark sector, these models 
will give you jet-like signal, we call it “dark jet”.

Signal at hadron collider

Dark Jet

QCD Jet�
<latexit sha1_base64="SIWWhw4cDOJI1oTS6WRyjqImg48=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqQY9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddJt1L2reuOhWWvdFnGU4QzO4RI8uIYW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPkB44j</latexit>

�⇤
<latexit sha1_base64="dkwh5u41MhnbhBp3BD8jkmUaZy0=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMgHsJuFPQY9OIxgnlAEsPsZDYZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bEUBl3328mtrK6tb+Q3C1vbO7t7xf2DhokSzXidRTLSLZ8aLoXidRQoeSvWnIa+5E1/dDP1m09cGxGpexzHvBvSgRKBYBSt1OrUhuIhPZv0iiW37M5AlomXkRJkqPWKX51+xJKQK2SSGtP23Bi7KdUomOSTQicxPKZsRAe8bamiITfddHbvhJxYpU+CSNtSSGbq74mUhsaMQ992hhSHZtGbiv957QSDq24qVJwgV2y+KEgkwYhMnyd9oTlDObaEMi3srYQNqaYMbUQFG4K3+PIyaVTK3nm5cndRql5nceThCI7hFDy4hCrcQg3qwEDCM7zCm/PovDjvzse8NedkM4fwB87nD8YWj8s=</latexit>



What a dark jet looks like?
It’s very, very model dependent.

How long is lifetime of dark meson ⇡d, ⇢d...?

How much invisible particle inside a dark jet?

Most dark mesons are stable or stable enough.

Invisible Jet (Missing Energy)

Most dark mesons are long-lived.

Emerging Jet (Displaced Track)

A fraction of dark mesons are stable.

Semi-visible Jet (Transverse Mass)

Phys. Rev. Lett. 115, no. 17, 171804 (2015)

JHEP 1505, 059 (2015)

Most of dark mesons decay to visible particles promptly

”QCD-like” dark jet. We can use jet sub-structure (q/g)

1712.07279 Myeonghun Park, MZ
<latexit sha1_base64="cKoepEpVk2eHIwiewI7VwckG6GM="></latexit>



Signal at ep collider
Integrate the TeV mediator, we obtain an dim-6 operator  
for production and dark meson decay.

�X̄e+ h.c.
<latexit sha1_base64="8AcAX0PG++spYYTmvKmWiZyHwYw=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCIISkCnosevFYwX5AE8pku22WbjZhdyOUULz4V7x4UMSrv8Kb/8Ztm4O2Phh4vDfDzLww5Uxp1/22lpZXVtfWSxvlza3tnV17b7+pkkwS2iAJT2Q7BEU5E7Shmea0nUoKcchpKxzeTPzWA5WKJeJej1IaxDAQrM8IaCN17UN/CGkKfj1ifggyb48pPsORQ5yuXXEddwq8SLyCVFCBetf+8nsJyWIqNOGgVMdzUx3kIDUjnI7LfqZoCmQIA9oxVEBMVZBPXxjjE6P0cD+RpoTGU/X3RA6xUqM4NJ0x6EjNexPxP6+T6f5VkDORZpoKMlvUzzjWCZ7kgXtMUqL5yBAgkplbMYlAAtEmtbIJwZt/eZE0q4537lTvLiq16yKOEjpCx+gUeegS1dAtqqMGIugRPaNX9GY9WS/Wu/Uxa12yipkD9AfW5w/VSZZn</latexit>

2

⇤2
ēeX̄X

<latexit sha1_base64="nm7dgJn6xo/4kPiXQFyXk33MmpE=">AAACE3icbVC7SgNBFJ2NrxhfUUubxSCIRdiNgpZBGwuLCOYB2RjuTu4mQ2YfzMwKYdl/sPFXbCwUsbWx82+cTbbQxAPDHM65h5l73IgzqSzr2ygsLa+srhXXSxubW9s75d29lgxjQbFJQx6KjgsSOQuwqZji2IkEgu9ybLvjq8xvP6CQLAzu1CTCng/DgHmMgtJSv3zieAJo4owhiuC+libOjQ4PMuq4IBJMcXp30k6/XLGq1hTmIrFzUiE5Gv3ylzMIaexjoCgHKbu2FaleAkIxyjEtObHECOgYhtjVNAAfZS+Z7pSaR1oZmF4o9AmUOVV/JxLwpZz4rp70QY3kvJeJ/3ndWHkXvYQFUawwoLOHvJibKjSzgswBE0gVn2gCVDD9V5OOQJekdI0lXYI9v/IiadWq9mm1dntWqV/mdRTJATkkx8Qm56ROrkmDNAklj+SZvJI348l4Md6Nj9lowcgz++QPjM8fGNee7Q==</latexit>

Lepton-jet Displaced lepton-jet

or



Simulation
For event generator, we can choose Pythia8  
(Hidden Valley model) 

In detector simulation, we can not do electron isolation.  

Electron jet seems hard to be distinguished from QCD 
background.  

Some interesting topics: 
Electron jet tagging 
Study dark QCD through shower pattern (thrust) 

Exclusion limit of  
2

⇤2
ēeX̄X

<latexit sha1_base64="nm7dgJn6xo/4kPiXQFyXk33MmpE=">AAACE3icbVC7SgNBFJ2NrxhfUUubxSCIRdiNgpZBGwuLCOYB2RjuTu4mQ2YfzMwKYdl/sPFXbCwUsbWx82+cTbbQxAPDHM65h5l73IgzqSzr2ygsLa+srhXXSxubW9s75d29lgxjQbFJQx6KjgsSOQuwqZji2IkEgu9ybLvjq8xvP6CQLAzu1CTCng/DgHmMgtJSv3zieAJo4owhiuC+libOjQ4PMuq4IBJMcXp30k6/XLGq1hTmIrFzUiE5Gv3ylzMIaexjoCgHKbu2FaleAkIxyjEtObHECOgYhtjVNAAfZS+Z7pSaR1oZmF4o9AmUOVV/JxLwpZz4rp70QY3kvJeJ/3ndWHkXvYQFUawwoLOHvJibKjSzgswBE0gVn2gCVDD9V5OOQJekdI0lXYI9v/IiadWq9mm1dntWqV/mdRTJATkkx8Qm56ROrkmDNAklj+SZvJI348l4Md6Nj9lowcgz++QPjM8fGNee7Q==</latexit>

Thank you!


