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Standard Model:



Dark Matter:

Maybe too simple?

DM

SM
= 5

(M, s)



DM STABILITY:

⌧p > 1034 y
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In the SM proton stability follows from accidental baryon 
number conservation of the renormalizable lagrangian.

Cosmological stability of DM is often obtained imposing ad hoc 
global symmetries, such as R-parity in supersymmetry.

Can DM be accidentally stable as the proton?
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{exotic multiplets of SM

new gauge interactions

[see Panci’s talk]
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The visible sector couples minimally to the dark sector 
through gauge and Yukawa interactions:
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Accidental symmetries:

• Dark-Baryon number

• Dark-Species number 

B = ✏i1i1...inQ{↵1

i1
Q↵2

i2
. . . Q↵n}

in

Qi ! ei↵iQi
M = Q̄iQj

Qi ! ei↵Qi

Dark baryons robustly cosmologically stable:

⌧p ⇠ 8⇡⇤4

M5
DM

= 1026 s
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Very weak bounds from flavour, precision tests and LHC.

Rich phenomenology for DM and also collider.



Models
- Q-complex (SU(N) fundamental)

Baryons and anti-baryons are different particles leading to Dirac 
DM produced thermally or through an asymmetry. 

- Q-real (SO(N) fundamental)
Baryon and anti-baryons are the same particle producing Majorana 
DM.

- Q-adjoint
DM is a bound state of dark quarks and dark gluons, gluequark.

[Contino, Mitridate, Podo, MR, 2018]

[Antipin, MR, Strumia Vigiani, 2015]
[Mitridate, MR, Smirnov, Strumia, 2017]

[Kribs, Neil 2016]

http://arxiv.org/abs/arXiv:1811.06975
http://arxiv.org/abs/arXiv:1811.06975
http://arxiv.org/abs/arXiv:1811.06975


- Light Dark Quarks: (mQ < ⇤DC)

0
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mD⇡

mDb

mDb0

mQ

⇤DC

[MR, '20]

* If strong dynamics does not break chiral symmetries light composite 
fermions lead to very different scenarios that interpolate between 
elementary and composite DM.


https://inspirehep.net/literature/1813658


SU(N) classification:

- SU(N) asymptotically free 

- No Landau poles below the Planck scale.

- Lightest dark-baryon with Q=Y=0

- No unwanted stable particles


[Antipin, MR, Strumia Vigiani, 2015]

http://arxiv.org/abs/arXiv:1811.06975


Ex: Composite “Wino”
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SU(3) + V
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DM = V V V

�3
SI = 0.12⇥ 10�46 cm2
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- Heavy Dark Quarks: (mQ > ⇤DC)



Non-relativistic bound states N fermions:
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Lightest baryons are naturally made of a single specie.

 = N � . . .

DM = V V V , I(JP ) = 1

✓
1

2

+◆
DM = NNN , I(JP ) = 0

✓
3

2

+◆

 = V � . . .

• SU(3)

• SO(3)

 = L�N � V + . . . DM = LLL̄ I(JP ) =
1

2

✓
1

2

+◆

Static properties of bound states:

mB ⇡ NDCmQ EB ⇠ ↵2
DCN

3
DCmQ

[Mitridate, MR, Smirnov, Strumia, 2017]

http://arxiv.org/abs/arXiv:1811.06975
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Glueballs:

Glueballs need to decay before BBN:

⌧DG + t⇤DC < 1s
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M0++ ⇡ 5⇤DC



Non standard cosmological histories:

•⇤DC <
mQ

25

Dark quarks freeze-out from dark gluons in the perturbative 
regime,

For  baryons can re-annihilate reducing the abundance.

Late time decays of glueballs further dilute abundance.

DM turns out is also typically heavy. 

MQ & ⇤DC

[see Gouttenoire, Kuflik, Liu ’23]

Dynamics at confinement will determine the fraction that

recombines into baryons.
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- 1801.01135 with V. De Luca, A. Mitridate, J. Smirnov,  A. Strumia

Colored Dark Matter

http://arxiv.org/abs/arXiv:1707.05380


DM should have no charge or color.

Counter example “Dirac Gluino”:

Q = (8, 1)0
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<latexit sha1_base64="Uk8CCNWz7j4LIEc94mb+W884Y30=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoigi6LdeFCoQX7gCaEyWTSDp08mJkIJRT8FTcuFHHrd7jzb5y2WWjrgYHDOfdw7xw/5Uwqy/o2Siura+sb5c3K1vbO7p65f9CRSSYIbZOEJ6LnY0k5i2lbMcVpLxUURz6nXX/UmPrdRyokS+IHNU6pG+FBzEJGsNKSZx7dey3kDAbIudOhAHt5q3Ez8cyqVbNmQMvELkgVCjQ988sJEpJFNFaEYyn7tpUqN8dCMcLppOJkkqaYjPCA9jWNcUSlm8/On6BTrQQoTIR+sUIz9Xcix5GU48jXkxFWQ7noTcX/vH6mwis3Z3GaKRqT+aIw40glaNoFCpigRPGxJpgIpm9FZIgFJko3VtEl2ItfXiad85pt1ezWRbV+XdRRhmM4gTOw4RLqcAtNaAOBHJ7hFd6MJ+PFeDc+5qMlo8gcwh8Ynz+66ZSw</latexit><latexit sha1_base64="Uk8CCNWz7j4LIEc94mb+W884Y30=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoigi6LdeFCoQX7gCaEyWTSDp08mJkIJRT8FTcuFHHrd7jzb5y2WWjrgYHDOfdw7xw/5Uwqy/o2Siura+sb5c3K1vbO7p65f9CRSSYIbZOEJ6LnY0k5i2lbMcVpLxUURz6nXX/UmPrdRyokS+IHNU6pG+FBzEJGsNKSZx7dey3kDAbIudOhAHt5q3Ez8cyqVbNmQMvELkgVCjQ988sJEpJFNFaEYyn7tpUqN8dCMcLppOJkkqaYjPCA9jWNcUSlm8/On6BTrQQoTIR+sUIz9Xcix5GU48jXkxFWQ7noTcX/vH6mwis3Z3GaKRqT+aIw40glaNoFCpigRPGxJpgIpm9FZIgFJko3VtEl2ItfXiad85pt1ezWRbV+XdRRhmM4gTOw4RLqcAtNaAOBHJ7hFd6MJ+PFeDc+5qMlo8gcwh8Ynz+66ZSw</latexit><latexit sha1_base64="Uk8CCNWz7j4LIEc94mb+W884Y30=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoigi6LdeFCoQX7gCaEyWTSDp08mJkIJRT8FTcuFHHrd7jzb5y2WWjrgYHDOfdw7xw/5Uwqy/o2Siura+sb5c3K1vbO7p65f9CRSSYIbZOEJ6LnY0k5i2lbMcVpLxUURz6nXX/UmPrdRyokS+IHNU6pG+FBzEJGsNKSZx7dey3kDAbIudOhAHt5q3Ez8cyqVbNmQMvELkgVCjQ988sJEpJFNFaEYyn7tpUqN8dCMcLppOJkkqaYjPCA9jWNcUSlm8/On6BTrQQoTIR+sUIz9Xcix5GU48jXkxFWQ7noTcX/vH6mwis3Z3GaKRqT+aIw40glaNoFCpigRPGxJpgIpm9FZIgFJko3VtEl2ItfXiad85pt1ezWRbV+XdRRhmM4gTOw4RLqcAtNaAOBHJ7hFd6MJ+PFeDc+5qMlo8gcwh8Ynz+66ZSw</latexit><latexit sha1_base64="Uk8CCNWz7j4LIEc94mb+W884Y30=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoigi6LdeFCoQX7gCaEyWTSDp08mJkIJRT8FTcuFHHrd7jzb5y2WWjrgYHDOfdw7xw/5Uwqy/o2Siura+sb5c3K1vbO7p65f9CRSSYIbZOEJ6LnY0k5i2lbMcVpLxUURz6nXX/UmPrdRyokS+IHNU6pG+FBzEJGsNKSZx7dey3kDAbIudOhAHt5q3Ez8cyqVbNmQMvELkgVCjQ988sJEpJFNFaEYyn7tpUqN8dCMcLppOJkkqaYjPCA9jWNcUSlm8/On6BTrQQoTIR+sUIz9Xcix5GU48jXkxFWQ7noTcX/vH6mwis3Z3GaKRqT+aIw40glaNoFCpigRPGxJpgIpm9FZIgFJko3VtEl2ItfXiad85pt1ezWRbV+XdRRhmM4gTOw4RLqcAtNaAOBHJ7hFd6MJ+PFeDc+5qMlo8gcwh8Ynz+66ZSw</latexit>

[Mack, Beacom, Bertone ’07]



Stable hadrons:

Unstable hadrons:

EB ⇠ ⇤QCD
<latexit sha1_base64="REmBRkd2Gegb5p+qekNA/v2nF9o=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsyIoAsXxSq4cNGCfUBnGDKZTBuaZIYkI5Sh4K+4caGIW7/DnX9j2s5CWw8EDufcw705Ycqo0o7zbS0tr6yurZc2yptb2zu79t5+WyWZxKSFE5bIbogUYVSQlqaakW4qCeIhI51wWJ/4nUciFU3Egx6lxOeoL2hMMdJGCuzD2+DaU5RD796EIhTkzfrNOLArTtWZAi4StyAVUKAR2F9elOCME6ExQ0r1XCfVfo6kppiRcdnLFEkRHqI+6RkqECfKz6fnj+GJUSIYJ9I8oeFU/Z3IEVdqxEMzyZEeqHlvIv7n9TIdX/o5FWmmicCzRXHGoE7gpAsYUUmwZiNDEJbU3ArxAEmEtWmsbEpw57+8SNpnVdepus3zSu2qqKMEjsAxOAUuuAA1cAcaoAUwyMEzeAVv1pP1Yr1bH7PRJavIHIA/sD5/ACRqlO4=</latexit><latexit sha1_base64="REmBRkd2Gegb5p+qekNA/v2nF9o=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsyIoAsXxSq4cNGCfUBnGDKZTBuaZIYkI5Sh4K+4caGIW7/DnX9j2s5CWw8EDufcw705Ycqo0o7zbS0tr6yurZc2yptb2zu79t5+WyWZxKSFE5bIbogUYVSQlqaakW4qCeIhI51wWJ/4nUciFU3Egx6lxOeoL2hMMdJGCuzD2+DaU5RD796EIhTkzfrNOLArTtWZAi4StyAVUKAR2F9elOCME6ExQ0r1XCfVfo6kppiRcdnLFEkRHqI+6RkqECfKz6fnj+GJUSIYJ9I8oeFU/Z3IEVdqxEMzyZEeqHlvIv7n9TIdX/o5FWmmicCzRXHGoE7gpAsYUUmwZiNDEJbU3ArxAEmEtWmsbEpw57+8SNpnVdepus3zSu2qqKMEjsAxOAUuuAA1cAcaoAUwyMEzeAVv1pP1Yr1bH7PRJavIHIA/sD5/ACRqlO4=</latexit><latexit sha1_base64="REmBRkd2Gegb5p+qekNA/v2nF9o=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsyIoAsXxSq4cNGCfUBnGDKZTBuaZIYkI5Sh4K+4caGIW7/DnX9j2s5CWw8EDufcw705Ycqo0o7zbS0tr6yurZc2yptb2zu79t5+WyWZxKSFE5bIbogUYVSQlqaakW4qCeIhI51wWJ/4nUciFU3Egx6lxOeoL2hMMdJGCuzD2+DaU5RD796EIhTkzfrNOLArTtWZAi4StyAVUKAR2F9elOCME6ExQ0r1XCfVfo6kppiRcdnLFEkRHqI+6RkqECfKz6fnj+GJUSIYJ9I8oeFU/Z3IEVdqxEMzyZEeqHlvIv7n9TIdX/o5FWmmicCzRXHGoE7gpAsYUUmwZiNDEJbU3ArxAEmEtWmsbEpw57+8SNpnVdepus3zSu2qqKMEjsAxOAUuuAA1cAcaoAUwyMEzeAVv1pP1Yr1bH7PRJavIHIA/sD5/ACRqlO4=</latexit><latexit sha1_base64="REmBRkd2Gegb5p+qekNA/v2nF9o=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsyIoAsXxSq4cNGCfUBnGDKZTBuaZIYkI5Sh4K+4caGIW7/DnX9j2s5CWw8EDufcw705Ycqo0o7zbS0tr6yurZc2yptb2zu79t5+WyWZxKSFE5bIbogUYVSQlqaakW4qCeIhI51wWJ/4nUciFU3Egx6lxOeoL2hMMdJGCuzD2+DaU5RD796EIhTkzfrNOLArTtWZAi4StyAVUKAR2F9elOCME6ExQ0r1XCfVfo6kppiRcdnLFEkRHqI+6RkqECfKz6fnj+GJUSIYJ9I8oeFU/Z3IEVdqxEMzyZEeqHlvIv7n9TIdX/o5FWmmicCzRXHGoE7gpAsYUUmwZiNDEJbU3ArxAEmEtWmsbEpw57+8SNpnVdepus3zSu2qqKMEjsAxOAUuuAA1cAcaoAUwyMEzeAVv1pP1Yr1bH7PRJavIHIA/sD5/ACRqlO4=</latexit>

⇤�1
QCD

<latexit sha1_base64="50/PNjWnr2SAmOFdTmOtIbksaYE=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4sSQi6MJFoS5cuGjBPqCNYTKZtEMnD2YmYgn5FTcuFHHrj7jzb5y2WWjrgYHDOedy7xwv4Uwqy/o2VlbX1jc2S1vl7Z3dvX3zoNKRcSoIbZOYx6LnYUk5i2hbMcVpLxEUhx6nXW/cmPrdRyoki6N7NUmoE+JhxAJGsNKSa1YGdzrsYzdrNW7yh+zMzl2zatWsGdAysQtShQJN1/wa+DFJQxopwrGUfdtKlJNhoRjhNC8PUkkTTMZ4SPuaRjik0slmt+foRCs+CmKhX6TQTP09keFQykno6WSI1UguelPxP6+fquDKyViUpIpGZL4oSDlSMZoWgXwmKFF8ogkmgulbERlhgYnSdZV1Cfbil5dJ57xmWzW7dVGtXxd1lOAIjuEUbLiEOtxCE9pA4Ame4RXejNx4Md6Nj3l0xShmDuEPjM8fLc2T2Q==</latexit><latexit sha1_base64="50/PNjWnr2SAmOFdTmOtIbksaYE=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4sSQi6MJFoS5cuGjBPqCNYTKZtEMnD2YmYgn5FTcuFHHrj7jzb5y2WWjrgYHDOedy7xwv4Uwqy/o2VlbX1jc2S1vl7Z3dvX3zoNKRcSoIbZOYx6LnYUk5i2hbMcVpLxEUhx6nXW/cmPrdRyoki6N7NUmoE+JhxAJGsNKSa1YGdzrsYzdrNW7yh+zMzl2zatWsGdAysQtShQJN1/wa+DFJQxopwrGUfdtKlJNhoRjhNC8PUkkTTMZ4SPuaRjik0slmt+foRCs+CmKhX6TQTP09keFQykno6WSI1UguelPxP6+fquDKyViUpIpGZL4oSDlSMZoWgXwmKFF8ogkmgulbERlhgYnSdZV1Cfbil5dJ57xmWzW7dVGtXxd1lOAIjuEUbLiEOtxCE9pA4Ame4RXejNx4Md6Nj3l0xShmDuEPjM8fLc2T2Q==</latexit><latexit sha1_base64="50/PNjWnr2SAmOFdTmOtIbksaYE=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4sSQi6MJFoS5cuGjBPqCNYTKZtEMnD2YmYgn5FTcuFHHrj7jzb5y2WWjrgYHDOedy7xwv4Uwqy/o2VlbX1jc2S1vl7Z3dvX3zoNKRcSoIbZOYx6LnYUk5i2hbMcVpLxEUhx6nXW/cmPrdRyoki6N7NUmoE+JhxAJGsNKSa1YGdzrsYzdrNW7yh+zMzl2zatWsGdAysQtShQJN1/wa+DFJQxopwrGUfdtKlJNhoRjhNC8PUkkTTMZ4SPuaRjik0slmt+foRCs+CmKhX6TQTP09keFQykno6WSI1UguelPxP6+fquDKyViUpIpGZL4oSDlSMZoWgXwmKFF8ogkmgulbERlhgYnSdZV1Cfbil5dJ57xmWzW7dVGtXxd1lOAIjuEUbLiEOtxCE9pA4Ame4RXejNx4Md6Nj3l0xShmDuEPjM8fLc2T2Q==</latexit><latexit sha1_base64="50/PNjWnr2SAmOFdTmOtIbksaYE=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4sSQi6MJFoS5cuGjBPqCNYTKZtEMnD2YmYgn5FTcuFHHrj7jzb5y2WWjrgYHDOedy7xwv4Uwqy/o2VlbX1jc2S1vl7Z3dvX3zoNKRcSoIbZOYx6LnYUk5i2hbMcVpLxEUhx6nXW/cmPrdRyoki6N7NUmoE+JhxAJGsNKSa1YGdzrsYzdrNW7yh+zMzl2zatWsGdAysQtShQJN1/wa+DFJQxopwrGUfdtKlJNhoRjhNC8PUkkTTMZ4SPuaRjik0slmt+foRCs+CmKhX6TQTP09keFQykno6WSI1UguelPxP6+fquDKyViUpIpGZL4oSDlSMZoWgXwmKFF8ogkmgulbERlhgYnSdZV1Cfbil5dJ57xmWzW7dVGtXxd1lOAIjuEUbLiEOtxCE9pA4Ame4RXejNx4Md6Nj3l0xShmDuEPjM8fLc2T2Q==</latexit>

EB =
9

4
↵2
3mQ

<latexit sha1_base64="L2jWuOqhaPRAu807R0shQb3WH/g=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjO1oIJCUQSXLdgHdMYhk2ba0CQzJBmhlG7c+CtuXCji1n9w59+YtrPQ1gMXDufcy733hAmjSjvOt7WwuLS8sppby69vbG5t2zu7DRWnEpM6jlksWyFShFFB6ppqRlqJJIiHjDTD/vXYbz4QqWgs7vQgIT5HXUEjipE2UmAf3ARXl14kEYbnsAw9xJIeCk7uS5AHtcAuOEVnAjhP3IwUQIZqYH95nRinnAiNGVKq7TqJ9odIaooZGeW9VJEE4T7qkrahAnGi/OHkixE8MkoHRrE0JTScqL8nhogrNeCh6eRI99SsNxb/89qpjs78IRVJqonA00VRyqCO4TgS2KGSYM0GhiAsqbkV4h4ykWgTXN6E4M6+PE8apaLrFN1auVC5yOLIgX1wCI6BC05BBdyCKqgDDB7BM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gAj+JZm</latexit><latexit sha1_base64="L2jWuOqhaPRAu807R0shQb3WH/g=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjO1oIJCUQSXLdgHdMYhk2ba0CQzJBmhlG7c+CtuXCji1n9w59+YtrPQ1gMXDufcy733hAmjSjvOt7WwuLS8sppby69vbG5t2zu7DRWnEpM6jlksWyFShFFB6ppqRlqJJIiHjDTD/vXYbz4QqWgs7vQgIT5HXUEjipE2UmAf3ARXl14kEYbnsAw9xJIeCk7uS5AHtcAuOEVnAjhP3IwUQIZqYH95nRinnAiNGVKq7TqJ9odIaooZGeW9VJEE4T7qkrahAnGi/OHkixE8MkoHRrE0JTScqL8nhogrNeCh6eRI99SsNxb/89qpjs78IRVJqonA00VRyqCO4TgS2KGSYM0GhiAsqbkV4h4ykWgTXN6E4M6+PE8apaLrFN1auVC5yOLIgX1wCI6BC05BBdyCKqgDDB7BM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gAj+JZm</latexit><latexit sha1_base64="L2jWuOqhaPRAu807R0shQb3WH/g=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjO1oIJCUQSXLdgHdMYhk2ba0CQzJBmhlG7c+CtuXCji1n9w59+YtrPQ1gMXDufcy733hAmjSjvOt7WwuLS8sppby69vbG5t2zu7DRWnEpM6jlksWyFShFFB6ppqRlqJJIiHjDTD/vXYbz4QqWgs7vQgIT5HXUEjipE2UmAf3ARXl14kEYbnsAw9xJIeCk7uS5AHtcAuOEVnAjhP3IwUQIZqYH95nRinnAiNGVKq7TqJ9odIaooZGeW9VJEE4T7qkrahAnGi/OHkixE8MkoHRrE0JTScqL8nhogrNeCh6eRI99SsNxb/89qpjs78IRVJqonA00VRyqCO4TgS2KGSYM0GhiAsqbkV4h4ykWgTXN6E4M6+PE8apaLrFN1auVC5yOLIgX1wCI6BC05BBdyCKqgDDB7BM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gAj+JZm</latexit><latexit sha1_base64="L2jWuOqhaPRAu807R0shQb3WH/g=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjO1oIJCUQSXLdgHdMYhk2ba0CQzJBmhlG7c+CtuXCji1n9w59+YtrPQ1gMXDufcy733hAmjSjvOt7WwuLS8sppby69vbG5t2zu7DRWnEpM6jlksWyFShFFB6ppqRlqJJIiHjDTD/vXYbz4QqWgs7vQgIT5HXUEjipE2UmAf3ARXl14kEYbnsAw9xJIeCk7uS5AHtcAuOEVnAjhP3IwUQIZqYH95nRinnAiNGVKq7TqJ9odIaooZGeW9VJEE4T7qkrahAnGi/OHkixE8MkoHRrE0JTScqL8nhogrNeCh6eRI99SsNxb/89qpjs78IRVJqonA00VRyqCO4TgS2KGSYM0GhiAsqbkV4h4ykWgTXN6E4M6+PE8apaLrFN1auVC5yOLIgX1wCI6BC05BBdyCKqgDDB7BM3gFb9aT9WK9Wx/T1gUrm9kDf2B9/gAj+JZm</latexit>

<latexit sha1_base64="cLH23/bnLvvvjPxIsKKegho/ocY=">AAACCnicbVC7SgNBFJ2Nrxhfq5Y2o0GwCruJRAuFgI2NkIB5QDYsdyezyZDZBzOzQlhS2/grNhaK2PoFdv6Nk2QLTTxw4XDOvdx7jxdzJpVlfRu5ldW19Y38ZmFre2d3z9w/aMkoEYQ2ScQj0fFAUs5C2lRMcdqJBYXA47TtjW6mfvuBCsmi8F6NY9oLYBAynxFQWnLNY7h2fAEE43JawQ7weAhuBd+5qUOA48Zk4ppFq2TNgJeJnZEiylB3zS+nH5EkoKEiHKTs2laseikIxQink4KTSBoDGcGAdjUNIaCyl85emeBTrfSxHwldocIz9fdECoGU48DTnQGooVz0puJ/XjdR/mUvZWGcKBqS+SI/4VhFeJoL7jNBieJjTYAIpm/FZAg6GaXTK+gQ7MWXl0mrXLKrpWrjvFi7yuLIoyN0gs6QjS5QDd2iOmoigh7RM3pFb8aT8WK8Gx/z1pyRzRyiPzA+fwCwLZkC</latexit>

a =
2

3↵3MQ

<latexit sha1_base64="I+lDarLliRFaXowKGgfEHT+FUbM="></latexit>

�(QQ̄ ! gg) =
243

2
↵5
3mQ



Cosmological history goes through 3 stages:

• Perturbative freeze-out

• T < EB
<latexit sha1_base64="dGusj5Aa6cNl0LcoFxBTJjO5+/Q=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoIceiiJ4rNAvaEPYbLft0s0m7G6UEtt/4sWDIl79Jd78N27bHLT1wcDjvRlm5gUxZ0o7zreVW1vf2NzKbxd2dvf2D+ziYVNFiSS0QSIeyXaAFeVM0IZmmtN2LCkOA05bwehm5rceqFQsEnU9jqkX4oFgfUawNpJvF7tBwjnVaDqd1ivo1r/27ZJTduZAq8TNSAky1Hz7q9uLSBJSoQnHSnVcJ9ZeiqVmhNNJoZsoGmMywgPaMVTgkCovnZ8+QadG6aF+JE0Jjebq74kUh0qNw8B0hlgP1bI3E//zOonuX3kpE3GiqSCLRf2EIx2hWQ6oxyQlmo8NwUQycysiQywx0SatggnBXX55lTTPy65Tdu8vStVKFkcejuEEzsCFS6jCHdSgAQQe4Rle4c16sl6sd+tj0Zqzspkj+APr8wdhVJNj</latexit><latexit sha1_base64="dGusj5Aa6cNl0LcoFxBTJjO5+/Q=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoIceiiJ4rNAvaEPYbLft0s0m7G6UEtt/4sWDIl79Jd78N27bHLT1wcDjvRlm5gUxZ0o7zreVW1vf2NzKbxd2dvf2D+ziYVNFiSS0QSIeyXaAFeVM0IZmmtN2LCkOA05bwehm5rceqFQsEnU9jqkX4oFgfUawNpJvF7tBwjnVaDqd1ivo1r/27ZJTduZAq8TNSAky1Hz7q9uLSBJSoQnHSnVcJ9ZeiqVmhNNJoZsoGmMywgPaMVTgkCovnZ8+QadG6aF+JE0Jjebq74kUh0qNw8B0hlgP1bI3E//zOonuX3kpE3GiqSCLRf2EIx2hWQ6oxyQlmo8NwUQycysiQywx0SatggnBXX55lTTPy65Tdu8vStVKFkcejuEEzsCFS6jCHdSgAQQe4Rle4c16sl6sd+tj0Zqzspkj+APr8wdhVJNj</latexit><latexit sha1_base64="dGusj5Aa6cNl0LcoFxBTJjO5+/Q=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoIceiiJ4rNAvaEPYbLft0s0m7G6UEtt/4sWDIl79Jd78N27bHLT1wcDjvRlm5gUxZ0o7zreVW1vf2NzKbxd2dvf2D+ziYVNFiSS0QSIeyXaAFeVM0IZmmtN2LCkOA05bwehm5rceqFQsEnU9jqkX4oFgfUawNpJvF7tBwjnVaDqd1ivo1r/27ZJTduZAq8TNSAky1Hz7q9uLSBJSoQnHSnVcJ9ZeiqVmhNNJoZsoGmMywgPaMVTgkCovnZ8+QadG6aF+JE0Jjebq74kUh0qNw8B0hlgP1bI3E//zOonuX3kpE3GiqSCLRf2EIx2hWQ6oxyQlmo8NwUQycysiQywx0SatggnBXX55lTTPy65Tdu8vStVKFkcejuEEzsCFS6jCHdSgAQQe4Rle4c16sl6sd+tj0Zqzspkj+APr8wdhVJNj</latexit><latexit sha1_base64="dGusj5Aa6cNl0LcoFxBTJjO5+/Q=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIoIceiiJ4rNAvaEPYbLft0s0m7G6UEtt/4sWDIl79Jd78N27bHLT1wcDjvRlm5gUxZ0o7zreVW1vf2NzKbxd2dvf2D+ziYVNFiSS0QSIeyXaAFeVM0IZmmtN2LCkOA05bwehm5rceqFQsEnU9jqkX4oFgfUawNpJvF7tBwjnVaDqd1ivo1r/27ZJTduZAq8TNSAky1Hz7q9uLSBJSoQnHSnVcJ9ZeiqVmhNNJoZsoGmMywgPaMVTgkCovnZ8+QadG6aF+JE0Jjebq74kUh0qNw8B0hlgP1bI3E//zOonuX3kpE3GiqSCLRf2EIx2hWQ6oxyQlmo8NwUQycysiQywx0SatggnBXX55lTTPy65Tdu8vStVKFkcejuEEzsCFS6jCHdSgAQQe4Rle4c16sl6sd+tj0Zqzspkj+APr8wdhVJNj</latexit>

<latexit sha1_base64="EqqQieygRORx3j3yxMfjtZQwvSM=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYyARMDyRH2NnvJkr29c3dOCEf+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEihUHX/XYKa+sbm1vF7dLO7t7+QfnwqG3iVDPeYrGMdSeghkuheAsFSt5JNKdRIPlDML6d+Q9PXBsRq3ucJNyP6FCJUDCKVupkPUYlaU775Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fze+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnseTIQmjOUE0so08LeStiIasrQRlSyIXjLL6+S9kXVq1VrzctK/SaPowgncArn4MEV1OEOGtACBhKe4RXenEfnxXl3PhatBSefOYY/cD5/ALrvj8Q=</latexit>

Q
<latexit sha1_base64="EqqQieygRORx3j3yxMfjtZQwvSM=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYyARMDyRH2NnvJkr29c3dOCEf+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEihUHX/XYKa+sbm1vF7dLO7t7+QfnwqG3iVDPeYrGMdSeghkuheAsFSt5JNKdRIPlDML6d+Q9PXBsRq3ucJNyP6FCJUDCKVupkPUYlaU775Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fze+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnseTIQmjOUE0so08LeStiIasrQRlSyIXjLL6+S9kXVq1VrzctK/SaPowgncArn4MEV1OEOGtACBhKe4RXenEfnxXl3PhatBSefOYY/cD5/ALrvj8Q=</latexit>

Q

<latexit sha1_base64="EqqQieygRORx3j3yxMfjtZQwvSM=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYyARMDyRH2NnvJkr29c3dOCEf+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEihUHX/XYKa+sbm1vF7dLO7t7+QfnwqG3iVDPeYrGMdSeghkuheAsFSt5JNKdRIPlDML6d+Q9PXBsRq3ucJNyP6FCJUDCKVupkPUYlaU775Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fze+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnseTIQmjOUE0so08LeStiIasrQRlSyIXjLL6+S9kXVq1VrzctK/SaPowgncArn4MEV1OEOGtACBhKe4RXenEfnxXl3PhatBSefOYY/cD5/ALrvj8Q=</latexit>

Q

<latexit sha1_base64="6PyBdCtT88ngq1fGrJybwNfublo=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYyAfMBuSPMbTbJkr29Y3dPCEf+ho2FIrb+GTv/jZvkCk18MPB4b4aZeWEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqaKsRWMRq26ImgkuWctwI1g3UQyjULBOOLmf+50npjSP5aOZJiyIcCT5kFM0VvL9EFXmUxSkOeuXK27VXYCsEy8nFcjR6Je//EFM04hJQwVq3fPcxAQZKsOpYLOSn2qWIJ3giPUslRgxHWSLm2fkwioDMoyVLWnIQv09kWGk9TQKbWeEZqxXvbn4n9dLzfA2yLhMUsMkXS4apoKYmMwDIAOuGDViaglSxe2thI5RITU2ppINwVt9eZ20r6perVprXlfqd3kcRTiDc7gED26gDg/QgBZQSOAZXuHNSZ0X5935WLYWnHzmFP7A+fwBvXWRfQ==</latexit>

øQ <latexit sha1_base64="6PyBdCtT88ngq1fGrJybwNfublo=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYyAfMBuSPMbTbJkr29Y3dPCEf+ho2FIrb+GTv/jZvkCk18MPB4b4aZeWEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqaKsRWMRq26ImgkuWctwI1g3UQyjULBOOLmf+50npjSP5aOZJiyIcCT5kFM0VvL9EFXmUxSkOeuXK27VXYCsEy8nFcjR6Je//EFM04hJQwVq3fPcxAQZKsOpYLOSn2qWIJ3giPUslRgxHWSLm2fkwioDMoyVLWnIQv09kWGk9TQKbWeEZqxXvbn4n9dLzfA2yLhMUsMkXS4apoKYmMwDIAOuGDViaglSxe2thI5RITU2ppINwVt9eZ20r6perVprXlfqd3kcRTiDc7gED26gDg/QgBZQSOAZXuHNSZ0X5935WLYWnHzmFP7A+fwBvXWRfQ==</latexit>

øQ

<latexit sha1_base64="nGJdQFgBBkHXh8IQPsjFOb4G8kY=">AAACJnicbZDLSsNAFIYnXmu9VV26GSyCIJSkSHWhUHDjzhbsBZpYTqaTduhMEmYmQgl9Gje+ihsXFRF3PorTNgtt/WHg5zvncOb8fsyZ0rb9Za2srq1vbOa28ts7u3v7hYPDpooSSWiDRDySbR8U5SykDc00p+1YUhA+py1/eDutt56oVCwKH/Qopp6AfsgCRkAb1C3cuIEEglP3XtA+dFOXAMf1+ni8QM5dHyQ23FVMYBd4PIDHcrdQtEv2THjZOJkpoky1bmHi9iKSCBpqwkGpjmPH2ktBakY4HefdRNEYyBD6tGNsCIIqL52dOcanhvRwEEnzQo1n9PdECkKpkfBNpwA9UIu1Kfyv1kl0cOWlLIwTTUMyXxQkHOsITzPDPSYp0XxkDBDJzF8xGYDJTZtk8yYEZ/HkZdMsl5xKqVK/KFavszhy6BidoDPkoEtURXeohhqIoGf0iibo3Xqx3qwP63PeumJlM0foj6zvHw5CpYE=</latexit>

! QQ

! Q + øQ
! ! 2

<latexit sha1_base64="mwQDHo5DJEvykx+qzW+tuXXjMQU="></latexit>

! Q + øQ h2 ! 0.1
! mQ

7 TeV

" 2
<latexit sha1_base64="uTiD1eDCbUmINXe2cu58uXvndG4="></latexit>

! Q + øQ h2 ! 0.1
! mQ

10 TeV

" 2

<latexit sha1_base64="EqqQieygRORx3j3yxMfjtZQwvSM=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYyARMDyRH2NnvJkr29c3dOCEf+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEihUHX/XYKa+sbm1vF7dLO7t7+QfnwqG3iVDPeYrGMdSeghkuheAsFSt5JNKdRIPlDML6d+Q9PXBsRq3ucJNyP6FCJUDCKVupkPUYlaU775Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fze+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnseTIQmjOUE0so08LeStiIasrQRlSyIXjLL6+S9kXVq1VrzctK/SaPowgncArn4MEV1OEOGtACBhKe4RXenEfnxXl3PhatBSefOYY/cD5/ALrvj8Q=</latexit>

Q



• Hadronization at T~ 200 MeV

• Recoupling

+

! !
1

! 2
QCD

<latexit sha1_base64="tmhNK2wuXrNPsH8LfEC7RedSOj8=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUVEgwMlcrAwNBK9CE1IXIcp7VqJ5HtIFVRvoCFX2FhACFWZjb+BrfNAC1Hsnx0zr3XvsdPGJXKsr6N0tr6xuZWebuys7u3f2AeHvVknApMujhmsRj4SBJGI9JVVDEySARB3Gek709aM7//QISkcXSnpglxORpFNKQYKS15Zs2RdMQR1BeHTigQhjbMnFs9IUBe1mld5/eN3DOrVt2aA64SuyBVUKDtmV9OEOOUk0hhhqQc2lai3AwJRTEjecVJJUkQnqARGWoaIU6km83XyWFNKwEMY6FPpOBc/d2RIS7llPu6kiM1lsveTPzPG6YqvHQzGiWpIhFePBSmDKoYzrKBARUEKzbVBGFB9V8hHiOdidIJVnQI9vLKq6TXqNtW3e6cV5tXRRxlcAJOwRmwwQVoghvQBl2AwSN4Bq/gzXgyXox342NRWjKKnmPwB8bnD5ZymyY=</latexit><latexit sha1_base64="tmhNK2wuXrNPsH8LfEC7RedSOj8=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUVEgwMlcrAwNBK9CE1IXIcp7VqJ5HtIFVRvoCFX2FhACFWZjb+BrfNAC1Hsnx0zr3XvsdPGJXKsr6N0tr6xuZWebuys7u3f2AeHvVknApMujhmsRj4SBJGI9JVVDEySARB3Gek709aM7//QISkcXSnpglxORpFNKQYKS15Zs2RdMQR1BeHTigQhjbMnFs9IUBe1mld5/eN3DOrVt2aA64SuyBVUKDtmV9OEOOUk0hhhqQc2lai3AwJRTEjecVJJUkQnqARGWoaIU6km83XyWFNKwEMY6FPpOBc/d2RIS7llPu6kiM1lsveTPzPG6YqvHQzGiWpIhFePBSmDKoYzrKBARUEKzbVBGFB9V8hHiOdidIJVnQI9vLKq6TXqNtW3e6cV5tXRRxlcAJOwRmwwQVoghvQBl2AwSN4Bq/gzXgyXox342NRWjKKnmPwB8bnD5ZymyY=</latexit><latexit sha1_base64="tmhNK2wuXrNPsH8LfEC7RedSOj8=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUVEgwMlcrAwNBK9CE1IXIcp7VqJ5HtIFVRvoCFX2FhACFWZjb+BrfNAC1Hsnx0zr3XvsdPGJXKsr6N0tr6xuZWebuys7u3f2AeHvVknApMujhmsRj4SBJGI9JVVDEySARB3Gek709aM7//QISkcXSnpglxORpFNKQYKS15Zs2RdMQR1BeHTigQhjbMnFs9IUBe1mld5/eN3DOrVt2aA64SuyBVUKDtmV9OEOOUk0hhhqQc2lai3AwJRTEjecVJJUkQnqARGWoaIU6km83XyWFNKwEMY6FPpOBc/d2RIS7llPu6kiM1lsveTPzPG6YqvHQzGiWpIhFePBSmDKoYzrKBARUEKzbVBGFB9V8hHiOdidIJVnQI9vLKq6TXqNtW3e6cV5tXRRxlcAJOwRmwwQVoghvQBl2AwSN4Bq/gzXgyXox342NRWjKKnmPwB8bnD5ZymyY=</latexit><latexit sha1_base64="tmhNK2wuXrNPsH8LfEC7RedSOj8=">AAACDnicbVC7TsMwFHXKq5RXgJHFoqrEVCUVEgwMlcrAwNBK9CE1IXIcp7VqJ5HtIFVRvoCFX2FhACFWZjb+BrfNAC1Hsnx0zr3XvsdPGJXKsr6N0tr6xuZWebuys7u3f2AeHvVknApMujhmsRj4SBJGI9JVVDEySARB3Gek709aM7//QISkcXSnpglxORpFNKQYKS15Zs2RdMQR1BeHTigQhjbMnFs9IUBe1mld5/eN3DOrVt2aA64SuyBVUKDtmV9OEOOUk0hhhqQc2lai3AwJRTEjecVJJUkQnqARGWoaIU6km83XyWFNKwEMY6FPpOBc/d2RIS7llPu6kiM1lsveTPzPG6YqvHQzGiWpIhFePBSmDKoYzrKBARUEKzbVBGFB9V8hHiOdidIJVnQI9vLKq6TXqNtW3e6cV5tXRRxlcAJOwRmwwQVoghvQBl2AwSN4Bq/gzXgyXox342NRWjKKnmPwB8bnD5ZymyY=</latexit>

nQ (! QCD )! ! v" # H (! QCD )
<latexit sha1_base64="idcM6K5gi8JV84lzOQ8fYd15WuQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSLUTZkRQRcKhbrowkUL9gGdMtxJ02loJjMkmUIZ+jVu/BU3Lioi7vwU08dCWw8ETs65h+QeP+ZMadv+sjIbm1vbO9nd3N7+weFR/vikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsfVmZ+a0SlYpF40uOYdkMIBOszAtpIXv5eePWi+2gCPfDSeuVhculyEAGnrmJBCHjkyvkVu0GAqyujXr5gl+w58DpxlqSAlqh5+anbi0gSUqEJB6U6jh3rbgpSM8LpJOcmisZAhhDQjqECQqq66XzNCb4wSg/3I2mO0Hiu/k6kECo1Dn0zGYIeqFVvJv7ndRLdv+2mTMSJpoIsHuonHOsIzzrDPSYp0XxsCBDJzF8xGYAEok2zOVOCs7ryOmlelRy75NSvC+W7ZR1ZdIbOURE56AaVURXVUAMR9Ixe0RS9Wy/Wm/VhfS5GM9Yyc4r+wPr+AdWmpLg=</latexit><latexit sha1_base64="idcM6K5gi8JV84lzOQ8fYd15WuQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSLUTZkRQRcKhbrowkUL9gGdMtxJ02loJjMkmUIZ+jVu/BU3Lioi7vwU08dCWw8ETs65h+QeP+ZMadv+sjIbm1vbO9nd3N7+weFR/vikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsfVmZ+a0SlYpF40uOYdkMIBOszAtpIXv5eePWi+2gCPfDSeuVhculyEAGnrmJBCHjkyvkVu0GAqyujXr5gl+w58DpxlqSAlqh5+anbi0gSUqEJB6U6jh3rbgpSM8LpJOcmisZAhhDQjqECQqq66XzNCb4wSg/3I2mO0Hiu/k6kECo1Dn0zGYIeqFVvJv7ndRLdv+2mTMSJpoIsHuonHOsIzzrDPSYp0XxsCBDJzF8xGYAEok2zOVOCs7ryOmlelRy75NSvC+W7ZR1ZdIbOURE56AaVURXVUAMR9Ixe0RS9Wy/Wm/VhfS5GM9Yyc4r+wPr+AdWmpLg=</latexit><latexit sha1_base64="idcM6K5gi8JV84lzOQ8fYd15WuQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSLUTZkRQRcKhbrowkUL9gGdMtxJ02loJjMkmUIZ+jVu/BU3Lioi7vwU08dCWw8ETs65h+QeP+ZMadv+sjIbm1vbO9nd3N7+weFR/vikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsfVmZ+a0SlYpF40uOYdkMIBOszAtpIXv5eePWi+2gCPfDSeuVhculyEAGnrmJBCHjkyvkVu0GAqyujXr5gl+w58DpxlqSAlqh5+anbi0gSUqEJB6U6jh3rbgpSM8LpJOcmisZAhhDQjqECQqq66XzNCb4wSg/3I2mO0Hiu/k6kECo1Dn0zGYIeqFVvJv7ndRLdv+2mTMSJpoIsHuonHOsIzzrDPSYp0XxsCBDJzF8xGYAEok2zOVOCs7ryOmlelRy75NSvC+W7ZR1ZdIbOURE56AaVURXVUAMR9Ixe0RS9Wy/Wm/VhfS5GM9Yyc4r+wPr+AdWmpLg=</latexit><latexit sha1_base64="idcM6K5gi8JV84lzOQ8fYd15WuQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSLUTZkRQRcKhbrowkUL9gGdMtxJ02loJjMkmUIZ+jVu/BU3Lioi7vwU08dCWw8ETs65h+QeP+ZMadv+sjIbm1vbO9nd3N7+weFR/vikqaJEEtogEY9k2wdFORO0oZnmtB1LCqHPacsfVmZ+a0SlYpF40uOYdkMIBOszAtpIXv5eePWi+2gCPfDSeuVhculyEAGnrmJBCHjkyvkVu0GAqyujXr5gl+w58DpxlqSAlqh5+anbi0gSUqEJB6U6jh3rbgpSM8LpJOcmisZAhhDQjqECQqq66XzNCb4wSg/3I2mO0Hiu/k6kECo1Dn0zGYIeqFVvJv7ndRLdv+2mTMSJpoIsHuonHOsIzzrDPSYp0XxsCBDJzF8xGYAEok2zOVOCs7ryOmlelRy75NSvC+W7ZR1ZdIbOURE56AaVURXVUAMR9Ixe0RS9Wy/Wm/VhfS5GM9Yyc4r+wPr+AdWmpLg=</latexit>

DM bound states are created in an excited state so they can be 
broken by scattering with plasma. Deep bound states are formed if 
energy  is radiated before rescattering.
O(T)
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1/2 quarks is bound in stable bound states and 1/2 annihilates to SM.

Only a small fraction of hybrids is left over! 
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M Q ! (12.5 ± 1) TeV
<latexit sha1_base64="FEX+p3pEDWmA2cISIBTCopPMvmk=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUkGGmKLpwUXDjRmihL+gMJZNm2tBkJiQZsQz9ADf+ihsXirj1A9z5N6btLLT1QOBwzrnc3BMIRpV2nG8rt7K6tr6R3yxsbe/s7hX3D1oqTiQmTRyzWHYCpAijEWlqqhnpCEkQDxhpB6Obqd++J1LROGrosSA+R4OIhhQjbaResQTvenXoISFk/FCGbsW+8ASH7ql3lnqSwwZpTUzKsZ0Z4DJxM1ICGWq94pfXj3HCSaQxQ0p1XUdoP0VSU8zIpOAligiER2hAuoZGiBPlp7NjJvDEKH0YxtK8SMOZ+nsiRVypMQ9MkiM9VIveVPzP6yY6vPJTGolEkwjPF4UJgzqG02Zgn0qCNRsbgrCk5q8QD5FEWJv+CqYEd/HkZdKq2K5ju/XzUvU6qyMPjsAxKAMXXIIquAU10AQYPIJn8ArerCfrxXq3PubRnJXNHII/sD5/AMB3mOE=</latexit><latexit sha1_base64="FEX+p3pEDWmA2cISIBTCopPMvmk=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUkGGmKLpwUXDjRmihL+gMJZNm2tBkJiQZsQz9ADf+ihsXirj1A9z5N6btLLT1QOBwzrnc3BMIRpV2nG8rt7K6tr6R3yxsbe/s7hX3D1oqTiQmTRyzWHYCpAijEWlqqhnpCEkQDxhpB6Obqd++J1LROGrosSA+R4OIhhQjbaResQTvenXoISFk/FCGbsW+8ASH7ql3lnqSwwZpTUzKsZ0Z4DJxM1ICGWq94pfXj3HCSaQxQ0p1XUdoP0VSU8zIpOAligiER2hAuoZGiBPlp7NjJvDEKH0YxtK8SMOZ+nsiRVypMQ9MkiM9VIveVPzP6yY6vPJTGolEkwjPF4UJgzqG02Zgn0qCNRsbgrCk5q8QD5FEWJv+CqYEd/HkZdKq2K5ju/XzUvU6qyMPjsAxKAMXXIIquAU10AQYPIJn8ArerCfrxXq3PubRnJXNHII/sD5/AMB3mOE=</latexit><latexit sha1_base64="FEX+p3pEDWmA2cISIBTCopPMvmk=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUkGGmKLpwUXDjRmihL+gMJZNm2tBkJiQZsQz9ADf+ihsXirj1A9z5N6btLLT1QOBwzrnc3BMIRpV2nG8rt7K6tr6R3yxsbe/s7hX3D1oqTiQmTRyzWHYCpAijEWlqqhnpCEkQDxhpB6Obqd++J1LROGrosSA+R4OIhhQjbaResQTvenXoISFk/FCGbsW+8ASH7ql3lnqSwwZpTUzKsZ0Z4DJxM1ICGWq94pfXj3HCSaQxQ0p1XUdoP0VSU8zIpOAligiER2hAuoZGiBPlp7NjJvDEKH0YxtK8SMOZ+nsiRVypMQ9MkiM9VIveVPzP6yY6vPJTGolEkwjPF4UJgzqG02Zgn0qCNRsbgrCk5q8QD5FEWJv+CqYEd/HkZdKq2K5ju/XzUvU6qyMPjsAxKAMXXIIquAU10AQYPIJn8ArerCfrxXq3PubRnJXNHII/sD5/AMB3mOE=</latexit><latexit sha1_base64="FEX+p3pEDWmA2cISIBTCopPMvmk=">AAACDHicbVDLSgMxFM3UV62vqks3wSJUkGGmKLpwUXDjRmihL+gMJZNm2tBkJiQZsQz9ADf+ihsXirj1A9z5N6btLLT1QOBwzrnc3BMIRpV2nG8rt7K6tr6R3yxsbe/s7hX3D1oqTiQmTRyzWHYCpAijEWlqqhnpCEkQDxhpB6Obqd++J1LROGrosSA+R4OIhhQjbaResQTvenXoISFk/FCGbsW+8ASH7ql3lnqSwwZpTUzKsZ0Z4DJxM1ICGWq94pfXj3HCSaQxQ0p1XUdoP0VSU8zIpOAligiER2hAuoZGiBPlp7NjJvDEKH0YxtK8SMOZ+nsiRVypMQ9MkiM9VIveVPzP6yY6vPJTGolEkwjPF4UJgzqG02Zgn0qCNRsbgrCk5q8QD5FEWJv+CqYEd/HkZdKq2K5ju/XzUvU6qyMPjsAxKAMXXIIquAU10AQYPIJn8ArerCfrxXq3PubRnJXNHII/sD5/AMB3mOE=</latexit>

Critical mass:
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Only small fraction of DM ends in hybrid states. Constraints 
are relatively safe but uncertain. Octet favourable:

- (Qg) may not bound to matter


- No fractionally charged hadrons.


! Q

! QQ
! 10! 4

<latexit sha1_base64="1dtFVyKi+OIHHRR1vYm6uNXd7Qk=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCoJZECrpwUXDjzgbsBZoYJtNJO3QmCTMToYQ8hBtfxY0LRdy6cOfbOG0jaOsPAx//OYcz5w8SRqWyrC9jYXFpeWW1tFZe39jc2jZ3dlsyTgUmTRyzWHQCJAmjEWkqqhjpJIIgHjDSDoZX43r7nghJ4+hWjRLicdSPaEgxUtryzWM3FAjDzL3hpI98J/+hzHHy3JWUQ9u6y05ruXvimxWrak0E58EuoAIKNXzz0+3FOOUkUpghKbu2lSgvQ0JRzEhedlNJEoSHqE+6GiPEifSyyVE5PNROD4ax0C9ScOL+nsgQl3LEA93JkRrI2drY/K/WTVV44WU0SlJFIjxdFKYMqhiOE4I9KghWbKQBYUH1XyEeIJ2S0jmWdQj27Mnz0Dqr2lbVdmqV+mURRwnsgwNwBGxwDurgGjRAE2DwAJ7AC3g1Ho1n4814n7YuGMXMHvgj4+Mbwtud8w==</latexit><latexit sha1_base64="1dtFVyKi+OIHHRR1vYm6uNXd7Qk=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCoJZECrpwUXDjzgbsBZoYJtNJO3QmCTMToYQ8hBtfxY0LRdy6cOfbOG0jaOsPAx//OYcz5w8SRqWyrC9jYXFpeWW1tFZe39jc2jZ3dlsyTgUmTRyzWHQCJAmjEWkqqhjpJIIgHjDSDoZX43r7nghJ4+hWjRLicdSPaEgxUtryzWM3FAjDzL3hpI98J/+hzHHy3JWUQ9u6y05ruXvimxWrak0E58EuoAIKNXzz0+3FOOUkUpghKbu2lSgvQ0JRzEhedlNJEoSHqE+6GiPEifSyyVE5PNROD4ax0C9ScOL+nsgQl3LEA93JkRrI2drY/K/WTVV44WU0SlJFIjxdFKYMqhiOE4I9KghWbKQBYUH1XyEeIJ2S0jmWdQj27Mnz0Dqr2lbVdmqV+mURRwnsgwNwBGxwDurgGjRAE2DwAJ7AC3g1Ho1n4814n7YuGMXMHvgj4+Mbwtud8w==</latexit><latexit sha1_base64="1dtFVyKi+OIHHRR1vYm6uNXd7Qk=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCoJZECrpwUXDjzgbsBZoYJtNJO3QmCTMToYQ8hBtfxY0LRdy6cOfbOG0jaOsPAx//OYcz5w8SRqWyrC9jYXFpeWW1tFZe39jc2jZ3dlsyTgUmTRyzWHQCJAmjEWkqqhjpJIIgHjDSDoZX43r7nghJ4+hWjRLicdSPaEgxUtryzWM3FAjDzL3hpI98J/+hzHHy3JWUQ9u6y05ruXvimxWrak0E58EuoAIKNXzz0+3FOOUkUpghKbu2lSgvQ0JRzEhedlNJEoSHqE+6GiPEifSyyVE5PNROD4ax0C9ScOL+nsgQl3LEA93JkRrI2drY/K/WTVV44WU0SlJFIjxdFKYMqhiOE4I9KghWbKQBYUH1XyEeIJ2S0jmWdQj27Mnz0Dqr2lbVdmqV+mURRwnsgwNwBGxwDurgGjRAE2DwAJ7AC3g1Ho1n4814n7YuGMXMHvgj4+Mbwtud8w==</latexit><latexit sha1_base64="1dtFVyKi+OIHHRR1vYm6uNXd7Qk=">AAACFHicbZDLSsNAFIYnXmu9RV26GSyCoJZECrpwUXDjzgbsBZoYJtNJO3QmCTMToYQ8hBtfxY0LRdy6cOfbOG0jaOsPAx//OYcz5w8SRqWyrC9jYXFpeWW1tFZe39jc2jZ3dlsyTgUmTRyzWHQCJAmjEWkqqhjpJIIgHjDSDoZX43r7nghJ4+hWjRLicdSPaEgxUtryzWM3FAjDzL3hpI98J/+hzHHy3JWUQ9u6y05ruXvimxWrak0E58EuoAIKNXzz0+3FOOUkUpghKbu2lSgvQ0JRzEhedlNJEoSHqE+6GiPEifSyyVE5PNROD4ax0C9ScOL+nsgQl3LEA93JkRrI2drY/K/WTVV44WU0SlJFIjxdFKYMqhiOE4I9KghWbKQBYUH1XyEeIJ2S0jmWdQj27Mnz0Dqr2lbVdmqV+mURRwnsgwNwBGxwDurgGjRAE2DwAJ7AC3g1Ho1n4814n7YuGMXMHvgj4+Mbwtud8w==</latexit>
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DM has “Rayleigh” interactions with gluons:

! SI ! 2.3 10! 45 cm2 "
!

20TeV
M DM

" 6 !
0.1
" 3

" 8 # cE

1.5#a3

$2

<latexit sha1_base64="pKP6pvbmQw2D1+hmGg+u6MjbkeA="></latexit><latexit sha1_base64="pKP6pvbmQw2D1+hmGg+u6MjbkeA="></latexit><latexit sha1_base64="pKP6pvbmQw2D1+hmGg+u6MjbkeA="></latexit><latexit sha1_base64="pKP6pvbmQw2D1+hmGg+u6MjbkeA="></latexit>

He! = !
1
2

[cE !E a2 + cB !B a2]
<latexit sha1_base64="iej1gMIfvJ3+TMzkKv869fTGyZo="></latexit><latexit sha1_base64="iej1gMIfvJ3+TMzkKv869fTGyZo="></latexit><latexit sha1_base64="iej1gMIfvJ3+TMzkKv869fTGyZo="></latexit><latexit sha1_base64="iej1gMIfvJ3+TMzkKv869fTGyZo="></latexit>

cE =
8!" 3

3
C

N 2
c ! 1

"B |#r
1

H8 ! E10
#r |B #

<latexit sha1_base64="0VVTSE11cXOEZAQJnnJXF1zO8Pw="></latexit><latexit sha1_base64="0VVTSE11cXOEZAQJnnJXF1zO8Pw="></latexit><latexit sha1_base64="0VVTSE11cXOEZAQJnnJXF1zO8Pw="></latexit><latexit sha1_base64="0VVTSE11cXOEZAQJnnJXF1zO8Pw="></latexit>

Direct detection:

[Peskin-Bhanot ’79
see Brambilla et. al. ’15]

<latexit sha1_base64="UnzOaeog/9PRLVW2NKg1Uaj3N20=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkJIrLQuFAoiuKxgH9DGMJlO2qGTSZiZCCXUjb/ixoUibv0Ld/6N0zYLrR64cDjnXu69x48Zlcq2v4zcwuLS8kp+tbC2vrG5ZW7vNGWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlDy8nfuueCEkjfqtGMXFD1Oc0oBgpLXnmHvauLmDJtsqVY8dyqkewG1OI7sqeWbQtewr4lzgZKYIMdc/87PYinISEK8yQlB3HjpWbIqEoZmRc6CaSxAgPUZ90NOUoJNJNpx+M4aFWejCIhC6u4FT9OZGiUMpR6OvOEKmBnPcm4n9eJ1HBmZtSHieKcDxbFCQMqghO4oA9KghWbKQJwoLqWyEeIIGw0qEVdAjO/Mt/SfPEcipW5ea0WDvP4siDfXAASsABVVAD16AOGgCDB/AEXsCr8Wg8G2/G+6w1Z2Qzu+AXjI9vFZWTdQ==</latexit>

cE = (0 .36 + 1.17)! a3
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DM today has large annihilation cross-sections to 
rearrangement processes

Indirect detection:

<latexit sha1_base64="2e8rO9E4qdRR6IDEUUr7M5VEeho=">AAACSHicdZDNS8MwGMbT+TXnV9Wjl+AQJoPRikwPHgZePG7gPmAtJc3SLSxNS5IKo/TP8+LRm3+DFw+KeDPbenCbeyHw5Hnelzf5+TGjUlnWm1HY2Nza3inulvb2Dw6PzOOTjowSgUkbRywSPR9JwignbUUVI71YEBT6jHT98f007z4RIWnEH9UkJm6IhpwGFCOlLc/0UgcjBlutDFZhxfGRgLmTLVwuoaMiWFmTVeG6yDPLVs2aFVwVdi7KIK+mZ746gwgnIeEKMyRl37Zi5aZIKIoZyUpOIkmM8BgNSV9LjkIi3XQGIoMX2hnAIBL6cAVn7t+JFIVSTkJfd4ZIjeRyNjX/y/qJCm7dlPI4UYTj+aIgYVAzmVKFAyoIVmyiBcKC6rdCPEICYaXZlzQEe/nLq6JzVbPrtXrruty4y3EUwRk4BxVggxvQAA+gCdoAg2fwDj7Bl/FifBjfxs+8tWDkM6dgoQqFX2fwrpc=</latexit>

QQ + ( øQ øQ) ! (Q øQ) + ( Q øQ)

<latexit sha1_base64="Hypfd4iZbgtoQ4/A2GDixinh5bA="></latexit>

! reavrel ! " a2vrel ! 4 " 10! 25 cm3

s



Collider:

With enough energy DM is produced through QCD 
interactions:

p + p ! Q øQ + X
<latexit sha1_base64="pQyvbfOMdlNneM/vP+W647APNYA=">AAACCHicbVDLSgMxFM3UV62vUZcuDBZBKJSZKuiy6MZlC/YBnaHcSdM2NJMZkoxQhi7d+CtuXCji1k9w59+YtiNo64HAyTn3kpwTxJwp7ThfVm5ldW19I79Z2Nre2d2z9w+aKkokoQ0S8Ui2A1CUM0EbmmlO27GkEAactoLRzdRv3VOpWCTu9DimfggDwfqMgDZS1z6OSzH2dIRTjwDH9Qn2ApA/l1K7axedsjMDXiZuRoooQ61rf3q9iCQhFZpwUKrjOrH2U5CaEU4nBS9RNAYyggHtGCogpMpPZ0Em+NQoPdyPpDlC45n6eyOFUKlxGJjJEPRQLXpT8T+vk+j+lZ8yESeaCjJ/qJ9wbIJPW8E9JinRfGwIEMnMXzEZggSiTXcFU4K7GHmZNCtl97xcqV8Uq9dZHXl0hE7QGXLRJaqiW1RDDUTQA3pCL+jVerSerTfrfT6as7KdQ/QH1sc3yIWYjQ==</latexit>

 hadronizes in stable or long lived hadrons that produce 
(charged) tracks:
Q

Q !" Qg
<latexit sha1_base64="l+4s0bLFxPyHnCgf0c7vxfPkpV4=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYTcKWlgEbCwTMA/IhjA7md0MmZ1ZZu4qYUlv46/YWChi6w/Y+TdOHoImHrhwOOde7r0nSAQ34Lpfzsrq2vrGZm4rv72zu7dfODhsGpVqyhpUCaXbATFMcMkawEGwdqIZiQPBWsHweuK37pg2XMlbGCWsG5NI8pBTAlbqFYqZT4nA9TH2hZKR5tEAiNbqHv8YUa9QcsvuFHiZeHNSQnPUeoVPv69oGjMJVBBjOp6bQDcjGjgVbJz3U8MSQockYh1LJYmZ6WbTX8b4xCp9HCptSwKeqr8nMhIbM4oD2xkTGJhFbyL+53VSCC+7GZdJCkzS2aIwFRgUngSD+1wzCmJkCaGa21sxHRBNKNj48jYEb/HlZdKslL2zcqV+XqpezePIoWNURKfIQxeoim5QDTUQRQ/oCb2gV+fReXbenPdZ64oznzlCf+B8fAPR5Zrj</latexit>

or Q !" Qqøq
<latexit sha1_base64="aw9R8ZPjt80vEd7NpHkm2ty8oBI=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAhiEXajoIVFwMYyAfOAbAh3J5NkyOzMZmZWCUv+wcZfsbFQxNbGzr9x8hA08cCFwzn3cu89YcyZNp735Swtr6yurWc2sptb2zu77t5+VctEEVohkktVD0FTzgStGGY4rceKQhRyWgv712O/dkeVZlLcmmFMmxF0BeswAsZKLfc0DQhwXB7hgEvRVazbM6CUvMc/xgAHIah0MGq5OS/vTYAXiT8jOTRDqeV+Bm1JkogKQzho3fC92DRTUIYRTkfZINE0BtKHLm1YKiCiuplOfhrhY6u0cUcqW8Lgifp7IoVI62EU2s4ITE/Pe2PxP6+RmM5lM2UiTgwVZLqok3BsJB4HhNtMUWL40BIgitlbMemBAmJsjFkbgj//8iKpFvL+Wb5QPs8Vr2ZxZNAhOkInyEcXqIhuUAlVEEEP6Am9oFfn0Xl23pz3aeuSM5s5QH/gfHwDL/GeVw==</latexit>

Bound states of DM can also be produced resonantly 
producing di-jets signals.

M Q < 15 TeV
<latexit sha1_base64="nvNUPeVV0E93JDglBIFIeJ2hFOA=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgQkpSFV10UXDjRmihL2hCmEwn7dDJJMxMhBKycOOvuHGhiFs/wp1/47TNQlsPXDiccy/33uPHjEplWd9GYW19Y3OruF3a2d3bPzAPj7oySgQmHRyxSPR9JAmjnHQUVYz0Y0FQ6DPS8ye3M7/3QISkEW+raUzcEI04DShGSkueWb73UgcjBlsZrEP7yjmHqSNC2CbdzDMrVtWaA64SOycVkKPpmV/OMMJJSLjCDEk5sK1YuSkSimJGspKTSBIjPEEjMtCUo5BIN50/kcFTrQxhEAldXMG5+nsiRaGU09DXnSFSY7nszcT/vEGighs3pTxOFOF4sShIGFQRnCUCh1QQrNhUE4QF1bdCPEYCYaVzK+kQ7OWXV0m3VrUvqrXWZaVRz+MogjI4AWfABtegAe5AE3QABo/gGbyCN+PJeDHejY9Fa8HIZ47BHxifP9BglkQ=</latexit>

@
!

s = 100 TeV
<latexit sha1_base64="UJ9hniVNAO+Km8RCLgMywCV4de4=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KCWpgi4UCm5cVugLmlAm00k7dGYSZyZCCdm48VfcuFDErf/gzr9x2mahrQcuHM65l3vvCWJGlXacb2tpeWV1bb2wUdzc2t7Ztff2WypKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo5uJ334gUtFINPQ4Jj5HA0FDipE2Us8+qnllCD11L3WqsmvXcbxy6kkOG6SV9eySU3GmgIvEzUkJ5Kj37C+vH+GEE6ExQ0p1XSfWfoqkppiRrOglisQIj9CAdA0ViBPlp9MvMnhilD4MI2lKaDhVf0+kiCs15oHp5EgP1bw3Ef/zuokOL/2UijjRRODZojBhUEdwEgnsU0mwZmNDEJbU3ArxEEmEtQmuaEJw519eJK1qxT2rVO/OS7WrPI4COATH4BS44ALUwC2ogybA4BE8g1fwZj1ZL9a79TFrXbLymQPwB9bnDyiTlxI=</latexit>

[Grilli di Cortona, Hardy, Powell ’16]



SUMMARY

• SU(N) models generate complex DM while SO(N) models give real 
DM with diverse phenomenology depending on the confinement 
scale. With heavy quarks cosmology is non standard. If the dark 
sector has SM charges it can be tested in various experiments.

• DM from a confining gauge group, especially a baryon of a dark 
gauge group, is a strongly motivated and viable scenario.

• DM with color can be viable if it forms deep Coulombian bound 
states with small traces QCD bound states. Dirac gluinos could be 
tested in direct detection and future collider experiments. 





Triplet colored DM:

<latexit sha1_base64="8p0EF8MuuZsqrA+5MMIBR4fls4Q=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahgpREpXpQKHjx2IL9gDaEzXbbLt1swu6mUEL/iRcPinj1n3jz37htc9DWBwOP92aYmRfEnCntON9Wbm19Y3Mrv13Y2d3bP7APj5oqSiShDRLxSLYDrChngjY005y2Y0lxGHDaCkYPM781plKxSDzpSUy9EA8E6zOCtZF82067BHNUn96Xri7cc9/x7aJTduZAq8TNSBEy1Hz7q9uLSBJSoQnHSnVcJ9ZeiqVmhNNpoZsoGmMywgPaMVTgkCovnV8+RWdG6aF+JE0Jjebq74kUh0pNwsB0hlgP1bI3E//zOonu33opE3GiqSCLRf2EIx2hWQyoxyQlmk8MwUQycysiQywx0SasggnBXX55lTQvy26lXKlfF6t3WRx5OIFTKIELN1CFR6hBAwiM4Rle4c1KrRfr3fpYtOasbOYY/sD6/AECQJHy</latexit>

Q = (3 , 1)0

Hybrids have exotic electric charge leading to strong bounds 
that likely exclude the scenario.

<latexit sha1_base64="AulRvsJzS+ohrPg/AWjYnkFgKbU=">AAAB6XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYyivmA5Ah7m71kyd7eZXdOCCH/wMZCEVv/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfju5tfWNza38dmFnd2//oHh41DBxqhmvs1jGuhVQw6VQvI4CJW8lmtMokLwZDG9nfvOJayNi9YjjhPsR7SsRCkbRSg+jUbdYcsvuHGSVeBkpQYZat/jV6cUsjbhCJqkxbc9N0J9QjYJJPi10UsMTyoa0z9uWKhpx40/ml07JmVV6JIy1LYVkrv6emNDImHEU2M6I4sAsezPxP6+dYnjtT4RKUuSKLRaFqSQYk9nbpCc0ZyjHllCmhb2VsAHVlKENp2BD8JZfXiWNi7JXKVfuL0vVmyyOPJzAKZyDB1dQhTuoQR0YhPAMr/DmDJ0X5935WLTmnGzmGP7A+fwBrgmNdQ==</latexit>qq <latexit sha1_base64="5rdy23XT64HS4Mf5OK9sOhcLFvY=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYygvmA5Ah7m7lkyd7eubsnhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWD2aSoB/RoeQhZ9RYqd0LqMoep/1yxa26c5BV4uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5uVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjtZ1wmqUHJFovCVBATk9nvZMAVMiMmllCmuL2VsBFVlBmbUMmG4C2/vEpaF1WvVq3dX1bqN3kcRTiBUzgHD66gDnfQgCYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDmxmPvw==</latexit>

øq



Spin-off: Post-confinement effects reduce the abundance

of strongly interacting particles.

Ex: Stable gluinos
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 Gross, Mitridate, MR, Smirnov, Strumia1811.08418



EDM for SM particles generated with complex Yukawas:

de < 8.7 ! 10! 29 e cm @ 90% C.L.

WEAK STRONG

de ! 10! 27 eácm ! Im( yL yR ) !
NDC

3
!

!
TeV
m! ,"

" 2

!
# ! DC

TeV

$2

ELECTRIC DIPOLE MOMENTS



- SU(N): Z and Higgs mediated SI scatterings

Z+h

Inelastic DM

- SO(N): Higgs SI x-sec and Z inelastic transitions.

h

Direct detection:
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