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Why we believe it's a particle?

Nice review: https://medium.com/starts-with-a-bang/throwback-thursday-how-dark-matter-s-1-competitor-died-fdcb462d854d

http://www.mpg.de/7644757/W002_Physics-Astronomy_048-055.pdf.
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DM particles: general properties

What we do know: 

• Interact through gravity 

• Massive (to cluster) 

• If DM particles ever were relativistic – 
they should have slowed down early in 
the history of the Universe 

• Electrically neutral (do not interact with 
photons) 

• Stable on cosmological scales

What we don’t know: 

• Other interactions? 

• Mass, spin….? 

• Several species?
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Why the electroweak scale?

Assumption: 

 thermal production Not in equilibrium with plasma

In equilibrium with plasma

Relic abundance

Very simplified WIMPS

One new "heavy" particle

Planck

at decoupling

+

"Natural" choice:
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DM

DM SM

SM

Main problem: direct detection

Overabundance

Small

Arcadi et al. 1703.07364 

Annihilation

Image: XENON Collaboration
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"Exceptions"

But eventually �i
<latexit sha1_base64="2rMG1N1PIC+nug4bcwVBP3cubZM=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq0dHvM/75YpX9ebAq8TPSQVyNPrlr95A0TRm0lJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gkMTNBNr92is+cMsCR0q6kxXP190RGYmMmceg6Y2JHZtmbif953dRG10HGZZJaJuliUZQKbBWevY4HXDNqxcQRQjV3t2I6IppQ6wIquRD85ZdXSatW9S+qtfvLSv0mj6MIJ3AK5+DDFdThDhrQBAqP8Ayv8IYUekHv6GPRWkD5zDH8Afr8AX2MjxI=</latexit>

DM No Direct detection signal

"WIMPless miracle"
Feng & Kumar [0905.3039]

Hidden SM

SUSY

Co-annihilation

SM

SM�i
<latexit sha1_base64="2rMG1N1PIC+nug4bcwVBP3cubZM=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq0dHvM/75YpX9ebAq8TPSQVyNPrlr95A0TRm0lJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gkMTNBNr92is+cMsCR0q6kxXP190RGYmMmceg6Y2JHZtmbif953dRG10HGZZJaJuliUZQKbBWevY4HXDNqxcQRQjV3t2I6IppQ6wIquRD85ZdXSatW9S+qtfvLSv0mj6MIJ3AK5+DDFdThDhrQBAqP8Ayv8IYUekHv6GPRWkD5zDH8Afr8AX2MjxI=</latexit>

�j
<latexit sha1_base64="EWU8l3xSm1NOog3q3L54+JbeGVQ=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld0q6LHoxWMF+wHtUrJptk2bTZYkK5Sl/8GLB0W8+n+8+W9M2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdgp7u7tHxyWjo6bRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuH4bua3npg2XMlHO0lYEJOB5BGnxDqp2aVD3hv1SmWv4s2BV4mfkzLkqPdKX92+omnMpKWCGNPxvcQGGdGWU8GmxW5qWELomAxYx1FJYmaCbH7tFJ87pY8jpV1Ji+fq74mMxMZM4tB1xsQOzbI3E//zOqmNboKMyyS1TNLFoigV2Co8ex33uWbUiokjhGrubsV0SDSh1gVUdCH4yy+vkma14l9Wqg9X5dptHkcBTuEMLsCHa6jBPdShARRG8Ayv8IYUekHv6GPRuobymRP4A/T5A38QjxM=</latexit>

X

ij
<latexit sha1_base64="GuA3gHU/ELozu29c1HwQ3/3JPb8=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME85BkCbOT2WTMPJaZWSEs+QovHhTx6ud482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7riWrDlLy344SGAg8kixnB1kkPXZOKXsYeJ71S2a/4M6BlEuSkDDnqvdJXt69IKqi0hGNjOoGf2DDD2jLC6aTYTQ1NMBnhAe04KrGgJsxmB0/QqVP6KFbalbRopv6eyLAwZiwi1ymwHZpFbyr+53VSG1+FGZNJaqkk80VxypFVaPo96jNNieVjRzDRzN2KyBBrTKzLqOhCCBZfXibNaiU4r1TvLsq16zyOAhzDCZxBAJdQg1uoQwMICHiGV3jztPfivXsf89YVL585gj/wPn8AQGGQsw==</latexit>

h�vieff
<latexit sha1_base64="zrWKcvw5jp1Tnd3ln33tYwyDAcU=">AAACB3icbVBNS8NAEN34WetX1aMgi0XwVJIq6LHoxWMF+wFNCJvtJF262YTdTaGE3rz4V7x4UMSrf8Gb/8Zt2oO2Phh4vDfDzLwg5Uxp2/62VlbX1jc2S1vl7Z3dvf3KwWFbJZmk0KIJT2Q3IAo4E9DSTHPophJIHHDoBMPbqd8ZgVQsEQ96nIIXk0iwkFGijeRXTlxORMQBu4pFMcEj7MpC8HMIw4lfqdo1uwBeJs6cVNEcTb/y5fYTmsUgNOVEqZ5jp9rLidSMcpiU3UxBSuiQRNAzVJAYlJcXf0zwmVH6OEykKaFxof6eyEms1DgOTGdM9EAtelPxP6+X6fDay5lIMw2CzhaFGcc6wdNQcJ9JoJqPDSFUMnMrpgMiCdUmurIJwVl8eZm06zXnola/v6w2buZxlNAxOkXnyEFXqIHuUBO1EEWP6Bm9ojfryXqx3q2PWeuKNZ85Qn9gff4A07qZSg==</latexit>

at decoupling

Griest & Seckel 1991
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"Exceptions"
“Forbidden" DM

Exponentially suppressed by 

D’Agnolo & Ruderman [1505.07107]

Fr
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 th
er
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 ta
il

DM

DM

mDM < m�
<latexit sha1_base64="Fe1B8v8bHc8zlhisK2IeUo4Xm9Q=">AAAB9XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVFUAsbIYL5gOQ89jabZMnu3rG7p4Qj/8PGQhFb/4ud/8ZNcoUmPhh4vDfDzLww5kwb1/12ckvLK6tr+fXCxubW9k5xd6+ho0QRWicRj1QrxJpyJmndMMNpK1YUi5DTZji8mvjNR6o0i+S9GcXUF7gvWY8RbKz0IIL0+nZ8gUTQIQMWFEtu2Z0CLRIvIyXIUAuKX51uRBJBpSEca9323Nj4KVaGEU7HhU6iaYzJEPdp21KJBdV+Or16jI6s0kW9SNmSBk3V3xMpFlqPRGg7BTYDPe9NxP+8dmJ6537KZJwYKslsUS/hyERoEgHqMkWJ4SNLMFHM3orIACtMjA2qYEPw5l9eJI1K2TspV+5OS9XLLI48HMAhHIMHZ1CFG6hBHQgoeIZXeHOenBfn3fmYteacbGYf/sD5/AHa4JIX</latexit>

M

M

mM �mDM

T
<latexit sha1_base64="2Ojj0ggxHHIKfDz1z3yIhNKVqX4=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwY0mqoMuiLtwUKvQFbQiT6aQdOjMJMxOhhuCvuHGhiFv/w51/47TNQlsPXDiccy/33hPEjCrtON/W0vLK6tp6YaO4ubW9s2vv7bdUlEhMmjhikewESBFGBWlqqhnpxJIgHjDSDkY3E7/9QKSikWjocUw8jgaChhQjbSTfPuyFEuGU+7Uz7qe3tSxLG5lvl5yyMwVcJG5OSiBH3be/ev0IJ5wIjRlSqus6sfZSJDXFjGTFXqJIjPAIDUjXUIE4UV46vT6DJ0bpwzCSpoSGU/X3RIq4UmMemE6O9FDNexPxP6+b6PDKS6mIE00Eni0KEwZ1BCdRwD6VBGs2NgRhSc2tEA+RiUObwIomBHf+5UXSqpTd83Ll/qJUvc7jKIAjcAxOgQsuQRXcgTpoAgwewTN4BW/Wk/VivVsfs9YlK585AH9gff4AlCWVTg==</latexit>

Resonant production Feng & Smolinsky [1707.03835]

Allows for couplings 

10-100 times smaller 

DM

SM

SM

M

DM

mM = 2mDM
<latexit sha1_base64="fVHe6h6N7ATI1dI2UXJqFcCuGOU=">AAAB83icbVDLSsNAFJ3UV62vqks3g0VwVZJafCyEoi7cFCrYB7QhTKaTdujMJMxMhBL6G25cKOLWn3Hn3zhJg6j1wIXDOfdy7z1+xKjStv1pFZaWV1bXiuuljc2t7Z3y7l5HhbHEpI1DFsqejxRhVJC2ppqRXiQJ4j4jXX9ynfrdByIVDcW9nkbE5WgkaEAx0kYacK95WYPcS26aM69csat2BrhInJxUQI6WV/4YDEMccyI0ZkipvmNH2k2Q1BQzMisNYkUihCdoRPqGCsSJcpPs5hk8MsoQBqE0JTTM1J8TCeJKTblvOjnSY/XXS8X/vH6sg3M3oSKKNRF4viiIGdQhTAOAQyoJ1mxqCMKSmlshHiOJsDYxlbIQLlKcfr+8SDq1qnNSrd/VK42rPI4iOACH4Bg44Aw0wC1ogTbAIAKP4Bm8WLH1ZL1ab/PWgpXP7INfsN6/AACckSc=</latexit>

Allows for large      and light DM↵
<latexit sha1_base64="+wSBPeL8nxBdvzPXA2qswhGhfpg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oUy2m3btZhN2N0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5YCYJ8yMcSh5yisZKrR6KZIT9csWtunOQVeLlpAI5Gv3yV28Q0zRi0lCBWnc9NzF+hspwKti01Es1S5COcci6lkqMmPaz+bVTcmaVAQljZUsaMld/T2QYaT2JAtsZoRnpZW8m/ud1UxNe+xmXSWqYpItFYSqIicnsdTLgilEjJpYgVdzeSugIFVJjAyrZELzll1dJq1b1Lqq1+8tK/SaPowgncArn4MEV1OEOGtAECo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+AIzPjxw=</latexit>

Induces self-interactions

DMDM

DMDM

/ ↵2
<latexit sha1_base64="7W+gvo08BxcIWEKdl7creCo4ces=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSRV0GPRi8cKthaaWDbbTbt0s7vsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5sWRUG9//dkpr6xubW+Xtys7u3v6Be3jU1iJTmLSwYEJ1YqQJo5y0DDWMdKQiKI0ZeYxHtzP/cUyUpoI/mIkkUYoGnCYUI2OlnuuGUglphBciJofoqd5zq37Nn8NbJUFBqlCg2XO/wr7AWUq4wQxp3Q18aaIcKUMxI9NKmGkiER6hAelaylFKdJTPL596Z1bpe4lQtrjx5urviRylWk/S2HamyAz1sjcT//O6mUmuo5xymRnC8WJRkjHPfjqLwetTRbBhE0sQVtTe6uEhUggbG1bFhhAsv7xK2vVacFGr319WGzdFHGU4gVM4hwCuoAF30IQWYBjDM7zCm5M7L86787FoLTnFzDH8gfP5Azdkk2E=</latexit>

M

is out of equilibrium

Can happen when
DMDM

M

SM SM

effect onO(10)
<latexit sha1_base64="FAWND5b+aspdFR3YmvN4gGds3KU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkqixY9b0Ys3K5i20Iay2W7apZtN2N0IJfQ3ePGgiFd/kDf/jds0iFofDDzem2Fmnh9zprRtf1qFpeWV1bXiemljc2t7p7y711JRIgl1ScQj2fGxopwJ6mqmOe3EkuLQ57Ttj69nfvuBSsUica8nMfVCPBQsYARrI7m3Vcc+7pcrds3OgBaJk5MK5Gj2yx+9QUSSkApNOFaq69ix9lIsNSOcTku9RNEYkzEe0q6hAodUeWl27BQdGWWAgkiaEhpl6s+JFIdKTULfdIZYj9Rfbyb+53UTHVx4KRNxoqkg80VBwpGO0OxzNGCSEs0nhmAimbkVkRGWmGiTTykL4XKGs++XF0nrpOac1up39UrjKo+jCAdwCFVw4BwacANNcIEAg0d4hhdLWE/Wq/U2by1Y+cw+/IL1/gVk943l</latexit>

⌦
<latexit sha1_base64="YEEXxxt8B32jG3hDORFMODbUaIk=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjMaXG5BL96MYBZIhtDT6Ulaexm6e4Qw5B+8eFDEq//jzb9xMhlEjQ8KHu9VUVUviDgz1nU/ncLC4tLySnG1tLa+sblV3t5pGRVrQptEcaU7ATaUM0mblllOO5GmWASctoP7y6nffqDaMCVv7TiivsBDyUJGsE2lVu9a0CHulytu1c2A5omXkwrkaPTLH72BIrGg0hKOjel6bmT9BGvLCKeTUi82NMLkHg9pN6USC2r8JLt2gg5SZYBCpdOSFmXqz4kEC2PGIkg7BbYj89ebiv953diGZ37CZBRbKslsURhzZBWavo4GTFNi+TglmGiW3orICGtMbBpQKQvhfIqT75fnSeuo6h1Xaze1Sv0ij6MIe7APh+DBKdThChrQBAJ38AjP8OIo58l5dd5mrQUnn9mFX3DevwB4S48z</latexit>

Binder, Bringmann, Gustafsson, Hrzczuk [1805.00526] !8



“4th" exception: co-scattering

+

DM

SM SM

SM

M

M

M

SM

SM

DMM

nSM h�viDM!M ⇠ H
<latexit sha1_base64="vSEsKmli9LKRawwCrFYNBwyO/jA="></latexit>

Very high

Correct relic abundance 

for much smaller couplings

SM

SM�i
<latexit sha1_base64="2rMG1N1PIC+nug4bcwVBP3cubZM=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq0dHvM/75YpX9ebAq8TPSQVyNPrlr95A0TRm0lJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gkMTNBNr92is+cMsCR0q6kxXP190RGYmMmceg6Y2JHZtmbif953dRG10HGZZJaJuliUZQKbBWevY4HXDNqxcQRQjV3t2I6IppQ6wIquRD85ZdXSatW9S+qtfvLSv0mj6MIJ3AK5+DDFdThDhrQBAqP8Ayv8IYUekHv6GPRWkD5zDH8Afr8AX2MjxI=</latexit>

�j
<latexit sha1_base64="EWU8l3xSm1NOog3q3L54+JbeGVQ=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8ld0q6LHoxWMF+wHtUrJptk2bTZYkK5Sl/8GLB0W8+n+8+W9M2z1o64OBx3szzMwLE8GN9bxvtLa+sbm1Xdgp7u7tHxyWjo6bRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuH4bua3npg2XMlHO0lYEJOB5BGnxDqp2aVD3hv1SmWv4s2BV4mfkzLkqPdKX92+omnMpKWCGNPxvcQGGdGWU8GmxW5qWELomAxYx1FJYmaCbH7tFJ87pY8jpV1Ji+fq74mMxMZM4tB1xsQOzbI3E//zOqmNboKMyyS1TNLFoigV2Co8ex33uWbUiokjhGrubsV0SDSh1gVUdCH4yy+vkma14l9Wqg9X5dptHkcBTuEMLsCHa6jBPdShARRG8Ayv8IYUekHv6GPRuobymRP4A/T5A38QjxM=</latexit>

Compare to (co-)annihilation:

ndarkh�vieff ⇠ H
<latexit sha1_base64="y63zuxCl6cnK3kxl+7kDV8KC4kE=">AAACF3icbZDLSsNAFIYn3q23qks3g0VwVVIVLzvRTZcVbCs0JZxMT9qhM5MwMxFK6Fu48VXcuFDEre58G5O0iLcfBn6+cw5nzh/Eghvruh/OzOzc/MLi0nJpZXVtfaO8udUyUaIZNlkkIn0TgEHBFTYttwJvYo0gA4HtYHiZ19u3qA2P1LUdxdiV0Fc85AxshvxyVflpD/RwTD0Bqi+Qeob3JdBb6ukC+CmG4TjHktb9csWtuoXoX1ObmgqZquGX371exBKJyjIBxnRqbmy7KWjLmcBxyUsMxsCG0MdOZhVINN20uGtM9zLSo2Gks6csLej3iRSkMSMZZJ0S7MD8ruXwv1onseFpN+UqTiwqNlkUJoLaiOYh0R7XyKwYZQaY5tlfKRuABmazKEtFCGe5jr9O/mtaB9XaYfXo6qhyfjGNY4nskF2yT2rkhJyTOmmQJmHkjjyQJ/Ls3DuPzovzOmmdcaYz2+SHnLdPze+f0g==</latexit>

Boltzmann suppressed
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Example: singlet-triplet model

• Three new parameters: 

• Freedom in the field definitions: can choose

Small     :Tree-level structure + electroweak corrections:

Naturally small

Dark matter candidate

with

2 majorana fields:            singlet       and triplet

Le↵ � �mS

2
�S�S � mT

2
Tr[�T�T ] +

ST

⇤

⇥
(H†

�TH)�S + h.c.
⇤

<latexit sha1_base64="D5+VbvzWhV+tmA4l2hOgr/2PyW0="></latexit>
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Main contributions from:

Co-annihilation

+

Annihilation Mediator annihilation 
+ further decay to

f
<latexit sha1_base64="it5VkLRbwyNrCFUeipw4aHvqexs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBy5uM7A==</latexit>

f 0
<latexit sha1_base64="hhw0WauJcftOlNBtLRBWxEW0bVA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lU0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6CE975YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns0sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpySDcFbfHmZNM+r3kXVvb+s1G7yOIpwBMdwBh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBywQjR0=</latexit>

Conventional processes

Gauge and Higgs couplings

i g sin ✓ �µ�5
<latexit sha1_base64="zZdVwVJrJeNf8iCzXCQO5xiKRnU="></latexit><latexit sha1_base64="zZdVwVJrJeNf8iCzXCQO5xiKRnU="></latexit><latexit sha1_base64="zZdVwVJrJeNf8iCzXCQO5xiKRnU="></latexit><latexit sha1_base64="zZdVwVJrJeNf8iCzXCQO5xiKRnU="></latexit>

g cos ✓ �µ
<latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit><latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit><latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit><latexit sha1_base64="FqZ4D6M/d4mK4M4GD7+6ZkisRe0=">AAACAnicbZC7SgNBFIZnvcZ4W7USm8EgWIVdEbQM2lhGMBfIxnB2MpsMmdldZs4KYQk2voqNhSK2PoWdb+PkUmjiDwMf/zmHM+cPUykMet63s7S8srq2Xtgobm5t7+y6e/t1k2Sa8RpLZKKbIRguRcxrKFDyZqo5qFDyRji4HtcbD1wbkcR3OEx5W0EvFpFggNbquIc9GrDE0AD7HCGgQQ+UgvtAZR235JW9iegi+DMokZmqHfcr6CYsUzxGJsGYlu+l2M5Bo2CSj4pBZngKbAA93rIYg+KmnU9OGNET63RplGj7YqQT9/dEDsqYoQptpwLsm/na2Pyv1sowumznIk4z5DGbLooySTGh4zxoV2jOUA4tANPC/pWyPmhgaFMr2hD8+ZMXoX5W9i3fnpcqV7M4CuSIHJNT4pMLUiE3pEpqhJFH8kxeyZvz5Lw4787HtHXJmc0ckD9yPn8Aek+W1g==</latexit> i

µ

v
cos 2✓ �5

<latexit sha1_base64="/v9h1Sg+DNUe9p5H+kUrzBtfnVI="></latexit>

H
<latexit sha1_base64="baNP6mF3uQkKAwcdJWOUffaRltI=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GiaJYHILeskxAbNAMoSeTk3Spmehu0cIQ77AiwdFvPpJ3vwbO4vg+qDg8V4VVfW8WHClHefdyqytb2xuZbdzO7t7+wf5w6O2ihLJsMUiEcmuRxUKHmJLcy2wG0ukgSew402u537nDqXiUXijpzG6AR2F3OeMaiM164N8wbGdasUpV8lvUrSdBQqwQmOQf+sPI5YEGGomqFK9ohNrN6VScyZwlusnCmPKJnSEPUNDGqBy08WhM3JmlCHxI2kq1GShfp1IaaDUNPBMZ0D1WP305uJfXi/RfsVNeRgnGkO2XOQnguiIzL8mQy6RaTE1hDLJza2EjamkTJtsciaEz0/J/6Rdsotlu9S8KNSuVnFk4QRO4RyKcAk1qEMDWsAA4R4e4cm6tR6sZ+tl2ZqxVjPH8A3W6wcco40n</latexit>
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Naive picture

ann.
co-ann.

Lines: [Planck coll., 1502.01589]

Annihilation Co-annihilation

+(g sin ✓)4
<latexit sha1_base64="alHO7limmDhcJvO0OIhZ7hGnS4Y=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5JoQY9FLx4r2A9oYtlsN+3SzSbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm4Wt4vbO7t6+XTpo6ThVlDVpLGLVCYhmgkvWBA6CdRLFSBQI1g5G11O//cCU5rG8g3HC/IgMJA85JWCknl2qDLCnucQeDBmQ0/tazy47VWcGvEzcnJRRjkbP/vL6MU0jJoEKonXXdRLwM6KAU8EmRS/VLCF0RAasa6gkEdN+Njt9gk+M0sdhrExJwDP190RGIq3HUWA6IwJDvehNxf+8bgrhpZ9xmaTAJJ0vClOBIcbTHHCfK0ZBjA0hVHFzK6ZDoggFk1bRhOAuvrxMWmdV97zq3NbK9as8jgI6Qseoglx0geroBjVQE1H0iJ7RK3qznqwX6936mLeuWPnMIfoD6/MHrrOS+Q==</latexit>

(g sin ✓)2
<latexit sha1_base64="XhkaBimyEJYIric0CkuYALOslE0=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5JUQY9FLx4r2A9oYtlsN+3SzSbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm4Wt4vbO7t6+XTpo6ThVlDVpLGLVCYhmgkvWBA6CdRLFSBQI1g5G11O//cCU5rG8g3HC/IgMJA85JWCknl2qDLCnucQeDBmQ0/tazy47VWcGvEzcnJRRjkbP/vL6MU0jJoEKonXXdRLwM6KAU8EmRS/VLCF0RAasa6gkEdN+Njt9gk+M0sdhrExJwDP190RGIq3HUWA6IwJDvehNxf+8bgrhpZ9xmaTAJJ0vClOBIcbTHHCfK0ZBjA0hVHFzK6ZDoggFk1bRhOAuvrxMWrWqe1Z1bs/L9as8jgI6Qseoglx0geroBjVQE1H0iJ7RK3qznqwX6936mLeuWPnMIfoD6/MHq6uS9w==</latexit>

�+
<latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit> 15� 30 GeV

<latexit sha1_base64="PruiO4CC/TIhbNNO5JuTknc1Z6Y=">AAAB+nicbVDJSgNBEO2JW4xbokcvjUHwYpgxih6DHvQYwSyQDKGnU5M06VnorlHDmE/x4kERr36JN//GznLQxAcFj/eqqKrnxVJotO1vK7O0vLK6ll3PbWxube/kC7t1HSWKQ41HMlJNj2mQIoQaCpTQjBWwwJPQ8AZXY79xD0qLKLzDYQxuwHqh8AVnaKROvuCcHZdt2kZ4xJReQ33UyRftkj0BXSTOjBTJDNVO/qvdjXgSQIhcMq1bjh2jmzKFgksY5dqJhpjxAetBy9CQBaDddHL6iB4apUv9SJkKkU7U3xMpC7QeBp7pDBj29bw3Fv/zWgn6F24qwjhBCPl0kZ9IihEd50C7QgFHOTSEcSXMrZT3mWIcTVo5E4Iz//IiqZ+UnHLJvj0tVi5ncWTJPjkgR8Qh56RCbkiV1AgnD+SZvJI368l6sd6tj2lrxprN7JE/sD5/ACwXkqg=</latexit>
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Co-scattering

• Mediator annihilations are still in chemical equilibrium

• Equilibrium is lost for dark matter

Relic abundance: 
co-scattering + mediator annihilation

• Decays become very slow

Small portal coupling

+

DM

SM SM

SM

M

M

M

SM

SM

Very abundant

See also Garny et. al[1705.09292] and D’Agnolo et al.  [1705.08450], [1803.02901], [1906.09269]
Is a common feature of theories with nontrivial dark sector in a small-coupling regime 
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DM M

SM SM

SM

• Mediator decays are slow during 
decoupling.

• But they are also long-lived at colliders!

DM

M �m

m
' 10%

<latexit sha1_base64="UyoQOBBhVO8JBGcEc2Fzzzms6Oo=">AAACB3icbVBNS8NAEN34WetX1KMgi6XgqSRV0GNRDx4r2A9oStlsJ+3S3STuboQScvPiX/HiQRGv/gVv/hu3bQ7a+mDg8d4MM/P8mDOlHefbWlpeWV1bL2wUN7e2d3btvf2mihJJoUEjHsm2TxRwFkJDM82hHUsgwufQ8kdXE7/1AFKxKLzT4xi6ggxCFjBKtJF69pEXSEJT7xq4Jlhkqciwp5iAe+w6Xrlnl5yKMwVeJG5OSihHvWd/ef2IJgJCTTlRquM6se6mRGpGOWRFL1EQEzoiA+gYGhIBqptO/8hw2Sh9HETSVKjxVP09kRKh1Fj4plMQPVTz3kT8z+skOrjopiyMEw0hnS0KEo51hCeh4D6TQDUfG0KoZOZWTIfEBKNNdEUTgjv/8iJpVivuaaV6e1aqXeZxFNAhOkYnyEXnqIZuUB01EEWP6Bm9ojfryXqx3q2PWeuSlc8coD+wPn8A1vCYoA==</latexit>

• Both dark states present at decoupling—  

   compressed spectrum.

DM + SM

M

We search for:

So just continue searching?

Defines pT
<latexit sha1_base64="lFFuHj5S2R5IBBmuknzf80xjUQw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjxX5BG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPWFhYd3ZtiZN0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek7t5vfPEtRGxauI04X5ER0qEglG01mMyaA7KFbfqLkTWwcuhArkag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsKhpx42eLVWfkwjpDEsbaPoVk4f6eyGhkzDQKbGdEcWxWa3Pzv1ovxfDGz4RKUuSKLT8KU0kwJvO7yVBozlBOLVCmhd2VsDHVlKFNp2RD8FZPXof2VdWz/HBdqd/mcRThDM7hEjyoQR3uoQEtYDCCZ3iFN0c6L86787FsLTj5zCn8kfP5AzSOjbs=</latexit><latexit sha1_base64="lFFuHj5S2R5IBBmuknzf80xjUQw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjxX5BG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPWFhYd3ZtiZN0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek7t5vfPEtRGxauI04X5ER0qEglG01mMyaA7KFbfqLkTWwcuhArkag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsKhpx42eLVWfkwjpDEsbaPoVk4f6eyGhkzDQKbGdEcWxWa3Pzv1ovxfDGz4RKUuSKLT8KU0kwJvO7yVBozlBOLVCmhd2VsDHVlKFNp2RD8FZPXof2VdWz/HBdqd/mcRThDM7hEjyoQR3uoQEtYDCCZ3iFN0c6L86787FsLTj5zCn8kfP5AzSOjbs=</latexit><latexit sha1_base64="lFFuHj5S2R5IBBmuknzf80xjUQw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjxX5BG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPWFhYd3ZtiZN0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek7t5vfPEtRGxauI04X5ER0qEglG01mMyaA7KFbfqLkTWwcuhArkag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsKhpx42eLVWfkwjpDEsbaPoVk4f6eyGhkzDQKbGdEcWxWa3Pzv1ovxfDGz4RKUuSKLT8KU0kwJvO7yVBozlBOLVCmhd2VsDHVlKFNp2RD8FZPXof2VdWz/HBdqd/mcRThDM7hEjyoQR3uoQEtYDCCZ3iFN0c6L86787FsLTj5zCn8kfP5AzSOjbs=</latexit><latexit sha1_base64="lFFuHj5S2R5IBBmuknzf80xjUQw=">AAAB6nicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx6MVjxX5BG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPWFhYd3ZtiZN0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftE2casZbLJax7gbUcCkUb6FAybuJ5jQKJO8Ek7t5vfPEtRGxauI04X5ER0qEglG01mMyaA7KFbfqLkTWwcuhArkag/JXfxizNOIKmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsKhpx42eLVWfkwjpDEsbaPoVk4f6eyGhkzDQKbGdEcWxWa3Pzv1ovxfDGz4RKUuSKLT8KU0kwJvO7yVBozlBOLVCmhd2VsDHVlKFNp2RD8FZPXof2VdWz/HBdqd/mcRThDM7hEjyoQR3uoQEtYDCCZ3iFN0c6L86787FsLTj5zCn8kfP5AzSOjbs=</latexit>

of SM Particles are soft
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Prompt searches are having a hard time

Example: soft leptons

Bharuchaa, Brümmer, Desai [1804.02357]
CMS [1206.3949]

j
�prod

<latexit sha1_base64="D/35u5A/YVrFVdSqehMteWexvnM=">AAAB9HicbVDLSsNAFJ34rPVVdelmsAiuSqLFx67oxmUF+4A2lMlk0g6dR5yZFErod7hxoYhbP8adf+MkDaLWAxcO59zLvfcEMaPauO6ns7S8srq2Xtoob25t7+xW9vbbWiYKkxaWTKpugDRhVJCWoYaRbqwI4gEjnWB8k/mdCVGaSnFvpjHxORoKGlGMjJX8vqZDjgZprGQ4G1Sqbs3NAReJV5AqKNAcVD76ocQJJ8JghrTueW5s/BQpQzEjs3I/0SRGeIyGpGepQJxoP82PnsFjq4QwksqWMDBXf06kiGs95YHt5MiM9F8vE//zeomJLv2UijgxROD5oihh0EiYJQBDqgg2bGoJworaWyEeIYWwsTmV8xCuMpx/v7xI2qc176xWv6tXG9dFHCVwCI7ACfDABWiAW9AELYDBA3gEz+DFmThPzqvzNm9dcoqZA/ALzvsXcKOSrQ==</latexit>

Only light masses are probed
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LLP analyses at ATLAS & CMS since October 2018
[R. Rosten's talk at 5th LLP Workshop]

CMS

ATLAS
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displaced

displaced

Promising soft displaced signatures

prompt

displaced

very soft
displaced
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Collider searches

13 TeV, 300 fb-1 

ATLAS 

CMS 13 TeV, 35.9 fb-1 
[1804.02357, 1206.3949]

High-Lumi LHC 3000 fb-1 [1703.05327]

c⌧+ ⇠ 1.5 cm
<latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit>

c⌧h ⇠ 1m
<latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit>

c⌧h ⇠ 1cm
<latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit>

c⌧+ ⇠ 7 cm
<latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit>

c⌧+ ⇠ 200 µm
<latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit>

 [1506.08206]

[1712.02118]

13 TeV, 36.1 fb-1

[1804.02357]

Prompt searches can not help
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Lifetimes accessible @ LHC
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thermal relic

How displaced/soft?

Current cut  
[CMS-PAS-EXO-16-022]

PRELI
MINAR

Y

Displacement for proposed cut

mC = 324 GeV
<latexit sha1_base64="ga5QtcBGGzIfGKgurKwx4UFjM8k=">AAAB/HicbVDLSgNBEJz1GeMrmqOXwSB4CrtJQC9CMAc9RjAPSEKYnXSSIbMPZnrFZYm/4sWDIl79EG/+jZNkD5pY0FBUddPd5YZSaLTtb2ttfWNzazuzk93d2z84zB0dN3UQKQ4NHshAtV2mQQofGihQQjtUwDxXQsud1GZ+6wGUFoF/j3EIPY+NfDEUnKGR+rm8169dlUsV2kV4xITeQHPazxXsoj0HXSVOSgokRb2f++oOAh554COXTOuOY4fYS5hCwSVMs91IQ8j4hI2gY6jPPNC9ZH78lJ4ZZUCHgTLlI52rvycS5mkde67p9BiO9bI3E//zOhEOL3uJ8MMIweeLRcNIUgzoLAk6EAo4ytgQxpUwt1I+ZopxNHllTQjO8surpFkqOuVi6a5SqF6ncWTICTkl58QhF6RKbkmdNAgnMXkmr+TNerJerHfrY9G6ZqUzefIH1ucP8VaTrQ==</latexit>
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Higgs portal again:  freeze-out phases

+

f
<latexit sha1_base64="it5VkLRbwyNrCFUeipw4aHvqexs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBy5uM7A==</latexit>

f 0
<latexit sha1_base64="hhw0WauJcftOlNBtLRBWxEW0bVA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lU0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6CE975YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns0sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpySDcFbfHmZNM+r3kXVvb+s1G7yOIpwBMdwBh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBywQjR0=</latexit>

f
<latexit sha1_base64="it5VkLRbwyNrCFUeipw4aHvqexs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBy5uM7A==</latexit>

f 0
<latexit sha1_base64="hhw0WauJcftOlNBtLRBWxEW0bVA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lU0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6CE975YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns0sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpySDcFbfHmZNM+r3kXVvb+s1G7yOIpwBMdwBh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBywQjR0=</latexit>
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Back to relic density: implementation

!22

Co-scattering processes  are important for 

accurate prediction of dark matter relic density. 

Not included in publics codes e.g. MicrOMEGAs, MadDM, DarkSUSY

Complication:  

the DM particles are frequently not in thermal equilibrium

In principle  

the coupled system non-integrated Boltzmann equations for all dark states must be solved

However, in many cases simplified approaches are possible 

(see Binder at al. 1805.00526, D’Agnolo et al. 1906.09269 )



Summary

• Strong direct detection constraints point us to a very weakly coupled dark 
sectors. 

• Consequently, the “non-conventional" processes set the DM relic 
abundance. 

• This also leads to a natural appearance of the long-lived states at collier 
scales. The most promising collider signatures involve displaced particles. 

• New searches are needed to conclusively test this scenario: displaced soft 
leptons, appearing tracks, etc.

[S.Westhoff's talk at 5th LLP Workshop] !23



Open questions

• How powerful are displaced searches? 

• Which experiments can probe the co-scattering regime (are the 
lifetimes at the scale of ATLAS/CMS or beyond i.e. FAZER/
MATHUSLA/ShiP…)? 

• What happens for even weaker couplings? At which point we 
switch to the freeze-in scenario? 

• Are there any hints from cosmological observations about the 
properties of the non-thermal dark matter momentum distribution?

!24



Thank you!



Singlet-triplet model: mass basis

Scalar scenario Pseudo-scalar scenario

In both scenarios 

with



Couplings of dark fermions

Pseudo-scalar case:

Couplings

Scalar case:
Couplings

Two physical scenarios, depending on parameters of the theory: 

See also [hep-ph/0702148]

• Leads to pseudo-scalar (axial-vector) interactions:

• Changes the sign of the mass term:Connected through              
chiral rotation:



Scalar branch

Pseudo-scalar 
branch

Blue/green:
[Planck coll., 1502.01589]

LEP

ann.

co-ann.ann.

Relic density: threshold effects

Higgs resonance 
region

Planck



Direct detection [1805.12562]

LEP

Direct detection bounds

�h
<latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit><latexit sha1_base64="2XrxKcULwIOY0fQ9xh1Y9LXNprk=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuBdiiZNNOJzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzRylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8KGciZpyzLLaTfVFIuI0040vp3VO09UG6bkg52kNBR4JFnMCLbOavdJwgbJoFrz6/5caBWCAmpQqDmofvWHimSCSks4NqYX+KkNc6wtI5xOK/3M0BSTMR7RnkOJBTVhPt92is6cM0Sx0u5Ji+bu74kcC2MmInKdAtvELNdm5n+1Xmbj6zBnMs0slWTxUZxxZBWanY6GTFNi+cQBJpq5XRFJsMbEuoAqLoRg+eRVaF/UA8f3l7XGTRFHGU7gFM4hgCtowB00oQUEHuEZXuHNU96L9+59LFpLXjFzDH/kff4AeryPDQ==</latexit>

�+
<latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit>

(�mhc)
mix ' µ sin(2✓)/2

<latexit sha1_base64="54o4XUHLWDdB0MJuFMQ1d+Dn71c="></latexit>

Small portal couplings 

+ compressed spectrum



Lines: [Planck coll., 1502.01589]

med.ann. + decays

Surviving regions: pseudoscalar case

f
<latexit sha1_base64="it5VkLRbwyNrCFUeipw4aHvqexs=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUCPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreZdVtXFVqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBy5uM7A==</latexit>

f 0
<latexit sha1_base64="hhw0WauJcftOlNBtLRBWxEW0bVA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbRU0lU0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6CE975YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns0sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rw2s+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7K2FDqigzNpySDcFbfHmZNM+r3kXVvb+s1G7yOIpwBMdwBh5cQQ3uoA4NYBDCM7zCmzNyXpx352PeWnDymUP4A+fzBywQjR0=</latexit>

Mediator annihilation + further decays to (g cos ✓)2
<latexit sha1_base64="nlcbGIHcinUBc2pef0QERxOZMlo=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5JUQY9FLx4r2A9oYtlsN+3STTbsTpQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm4Wt4vbO7t6+XTpoaZkqyppUCqk6AdFM8Jg1gYNgnUQxEgWCtYPR9dRvPzCluYzvYJwwPyKDmIecEjBSzy5VBtijUmMPhgzI6X2tZ5edqjMDXiZuTsooR6Nnf3l9SdOIxUAF0brrOgn4GVHAqWCTopdqlhA6IgPWNTQmEdN+Njt9gk+M0sehVKZiwDP190RGIq3HUWA6IwJDvehNxf+8bgrhpZ/xOEmBxXS+KEwFBomnOeA+V4yCGBtCqOLmVkyHRBEKJq2iCcFdfHmZtGpV96zq3J6X61d5HAV0hI5RBbnoAtXRDWqgJqLoET2jV/RmPVkv1rv1MW9dsfKZQ/QH1ucPo8uS8g==</latexit>

�+
<latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit><latexit sha1_base64="PdEI2W65QN6MfNaoJIRtzpxGFL8=">AAAB7XicbZDLSgMxFIZP6q3WW9Wlm2ARBKHMiKDLohuXFewF2rFk0kwbm0mGJCOUoe/gxoUibn0fd76NaTsLbf0h8PGfc8g5f5gIbqznfaPCyura+kZxs7S1vbO7V94/aBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo5tpvfXEtOFK3ttxwoKYDCSPOCXWWc0uHfKHs1654lW9mfAy+DlUIFe9V/7q9hVNYyYtFcSYju8lNsiItpwKNil1U8MSQkdkwDoOJYmZCbLZthN84pw+jpR2T1o8c39PZCQ2ZhyHrjMmdmgWa1Pzv1ontdFVkHGZpJZJOv8oSgW2Ck9Px32uGbVi7IBQzd2umA6JJtS6gEouBH/x5GVonld9x3cXldp1HkcRjuAYTsGHS6jBLdShARQe4Rle4Q0p9ILe0ce8tYDymUP4I/T5AxzDjs8=</latexit> 15� 30 GeV

<latexit sha1_base64="PruiO4CC/TIhbNNO5JuTknc1Z6Y=">AAAB+nicbVDJSgNBEO2JW4xbokcvjUHwYpgxih6DHvQYwSyQDKGnU5M06VnorlHDmE/x4kERr36JN//GznLQxAcFj/eqqKrnxVJotO1vK7O0vLK6ll3PbWxube/kC7t1HSWKQ41HMlJNj2mQIoQaCpTQjBWwwJPQ8AZXY79xD0qLKLzDYQxuwHqh8AVnaKROvuCcHZdt2kZ4xJReQ33UyRftkj0BXSTOjBTJDNVO/qvdjXgSQIhcMq1bjh2jmzKFgksY5dqJhpjxAetBy9CQBaDddHL6iB4apUv9SJkKkU7U3xMpC7QeBp7pDBj29bw3Fv/zWgn6F24qwjhBCPl0kZ9IihEd50C7QgFHOTSEcSXMrZT3mWIcTVo5E4Iz//IiqZ+UnHLJvj0tVi5ncWTJPjkgR8Qh56RCbkiV1AgnD+SZvJI368l6sd6tj2lrxprN7JE/sD5/ACwXkqg=</latexit>



Collider searches: details 

13 TeV, 300 fb-1 

ATLAS 

Prompt decays of

CMS 13 TeV, 35.9 fb-1 
[1804.02357, 1206.3949]

efficiency uncertainty 

High-Lumi LHC 3000 fb-1 [1703.05327]

c⌧+ ⇠ 1.5 cm
<latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit><latexit sha1_base64="VrrrzC0zqU7neEbGoPDbR+7X59w=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEQSiJKLosunFZwV6gCWEynbRDZ5IwcyKW0JUbX8WNC0Xc+gzufBunbRba+sPAN/85h5nzh6ngGhzn21pYXFpeWS2tldc3Nre27Z3dpk4yRVmDJiJR7ZBoJnjMGsBBsHaqGJGhYK1wcD2ut+6Z0jyJ72CYMl+SXswjTgkYK7APKPaAZMEJ9jSX2K2emzt7gBxTOcKBXXGqzkR4HtwCKqhQPbC/vG5CM8lioIJo3XGdFPycKOBUsFHZyzRLCR2QHusYjIlk2s8na4zwkXG6OEqUOTHgift7IidS66EMTack0NeztbH5X62TQXTp5zxOM2AxnT4UZQJDgseZ4C5XjIIYGiBUcfNXTPtEEQomubIJwZ1deR6ap1XX8O1ZpXZVxFFC++gQHSMXXaAaukF11EAUPaJn9IrerCfrxXq3PqatC1Yxs4f+yPr8AY5xl0I=</latexit>

c⌧h ⇠ 1m
<latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit><latexit sha1_base64="6UI28oY6gpwZogtsrT0SEMZwxv4=">AAACAnicbZDNSgMxFIUz9a/Wv1FX4iZYBFdlRgRdFt24rGBboTMMmTRtQ5PMkNwRy1Dc+CpuXCji1qdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RyjCO36tW8qfAi+AVUUaFG5H4F3YRmkimgghjT8b0Uwpxo4FSwcSXIDEsJHZI+61hURDIT5tMVxvjYOl3cS7Q9CvDU/T2RE2nMSMa2UxIYmPnaxPyv1smgdxHmXKUZMEVnD/UygSHBkzxwl2tGQYwsEKq5/SumA6IJBZtaxYbgz6+8CK3Tmm/55qxavyziKKNDdIROkI/OUR1dowZqIooe0TN6RW/Ok/PivDsfs9aSU8zsoz9yPn8A3k2WcQ==</latexit>

c⌧h ⇠ 1cm
<latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit><latexit sha1_base64="oxGSrs/CF24cIEHw/r718Aqy0wM=">AAACA3icbZDNSgMxFIUz9a/Wv1F3ugkWwVWZEUGXRTcuK9hW6AxDJk3b0CQzJHfEMhTc+CpuXCji1pdw59uYtrPQ1gOBL+feS3JPnApuwPO+ndLS8srqWnm9srG5tb3j7u61TJJpypo0EYm+i4lhgivWBA6C3aWaERkL1o6HV5N6+55pwxN1C6OUhZL0Fe9xSsBakXtAcQAkiwY4MFxi397YA+RUjnHkVr2aNxVeBL+AKirUiNyvoJvQTDIFVBBjOr6XQpgTDZwKNq4EmWEpoUPSZx2Likhmwny6wxgfW6eLe4m2RwGeur8nciKNGcnYdkoCAzNfm5j/1ToZ9C7CnKs0A6bo7KFeJjAkeBII7nLNKIiRBUI1t3/FdEA0oWBjq9gQ/PmVF6F1WvMt35xV65dFHGV0iI7QCfLROaqja9RATUTRI3pGr+jNeXJenHfnY9ZacoqZffRHzucPooaW3g==</latexit>

c⌧+ ⇠ 7 cm
<latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit><latexit sha1_base64="xw9kHRlJyuWW1YYQ6KHqC9NnZPE=">AAACBHicbZDLSsNAFIYnXmu9RV12M1gEQSiJCHVZdOOygr1AE8JkOmmHziRh5kQsoQs3voobF4q49SHc+TZO2yy09YeBb/5zDjPnD1PBNTjOt7Wyura+sVnaKm/v7O7t2weHbZ1kirIWTUSiuiHRTPCYtYCDYN1UMSJDwTrh6Hpa79wzpXkS38E4Zb4kg5hHnBIwVmBXKPaAZMEZ9jSXuG5u7AFyTOUEB3bVqTkz4WVwC6iiQs3A/vL6Cc0ki4EKonXPdVLwc6KAU8EmZS/TLCV0RAasZzAmkmk/ny0xwSfG6eMoUebEgGfu74mcSK3HMjSdksBQL9am5n+1XgbRpZ/zOM2AxXT+UJQJDAmeJoL7XDEKYmyAUMXNXzEdEkUomNzKJgR3ceVlaJ/XXMO3F9XGVRFHCVXQMTpFLqqjBrpBTdRCFD2iZ/SK3qwn68V6tz7mrStWMXOE/sj6/AGo4pbR</latexit>

c⌧+ ⇠ 200 µm
<latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit><latexit sha1_base64="yLFf4r0YBmsTgnvwumK/7Gc0XCM=">AAACAXicbZDLSsNAFIYn9VbrLepGcDNYBEEoSRF0WXTjsoK9QBPCZDpph85MwlyEEurGV3HjQhG3voU738Zpm4W2/jDw8Z9zOHP+OGNUac/7dkorq2vrG+XNytb2zu6eu3/QVqmRmLRwylLZjZEijArS0lQz0s0kQTxmpBOPbqb1zgORiqbiXo8zEnI0EDShGGlrRe4RhoFGJjqHgaIc1j0vgAE3kEdu1at5M8Fl8AuogkLNyP0K+ik2nAiNGVKq53uZDnMkNcWMTCqBUSRDeIQGpGdRIE5UmM8umMBT6/Rhkkr7hIYz9/dEjrhSYx7bTo70UC3WpuZ/tZ7RyVWYU5EZTQSeL0oMgzqF0zhgn0qCNRtbQFhS+1eIh0girG1oFRuCv3jyMrTrNd/y3UW1cV3EUQbH4AScAR9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0lp5g5BH/kfP4AmySVDA==</latexit>

 [1506.08206]

[1712.02118]

13 TeV, 36.1 fb-1

[1804.02357]


