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WIMP Dark Matter
• Well motivated and not dead: 
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<latexit sha1_base64="pYczPZJivnH8iaIm2cllCppHSEk=">AAACHHicbVDLSgMxFM34tr6qLt0EiyCoZUaluhRd6LKCrUKnlEx6W0OTzJDcUcvQD3Hjr7hxoYgbF4J/Y/pY+DoQOJxzL7nnRIkUFn3/0xsbn5icmp6Zzc3NLywu5ZdXqjZODYcKj2VsriJmQQoNFRQo4SoxwFQk4TLqnPT9yxswVsT6ArsJ1BVra9ESnKGTGvm90ApFA98Pt0PF8Nqo7BSqPbpFQ4Q7zG6BdXYsZxIoj1N3kW73GvmCX/QHoH9JMCIFMkK5kX8PmzFPFWjkkllbC/wE6xkzKLiEXi5MLSSMd1gbao5qpsDWs0G4Ht1wSpO2YuOeRjpQv29kTFnbVZGb7Aewv72++J9XS7F1WM+ETlIEzYcftVJJMab9pmhTGOAou44wboS7lfJrZhhH12fOlRD8jvyXVHeLQalYOt8vHB2P6pgha2SdbJKAHJAjckbKpEI4uSeP5Jm8eA/ek/fqvQ1Hx7zRzir5Ae/jC+PvoVM=</latexit>

→ 100GeV + weak-scale coupling

<latexit sha1_base64="fBDBRRw7ehqhaAfWV0uluC9qD/c="></latexit>

=→ ↑ωv↓ ↔ 2.2↗ 10→26cm3/s ↘ observed !h2



Standard Freeze-out
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<latexit sha1_base64="LfzjccOueKB3/4sjhsTFehlpmNY="></latexit>

dYω

dx
= →↑ωv↓s(x)

xH(x)

(
Y

2
ω → Y

2
ω,eq

)DM production stops, annihilation continues 

<latexit sha1_base64="QRyxTJOM+IzCfLuTB6QCfcpDnYc="></latexit>

Y→ → xf,ann

mplmω↑ωv↓

<latexit sha1_base64="xlQEgVlvVx2UuUs+EdjMV2yCRI4=">AAACGnicbZDLSgMxFIYzXmu9VV26CRbBVZkRqS6LbtxZwV6gU8qZNDMNTTJDkimUoc/hxldx40IRd+LGtzGddqGtPwR+/nNOkvMFCWfauO63s7K6tr6xWdgqbu/s7u2XDg6bOk4VoQ0S81i1A9CUM0kbhhlO24miIAJOW8HwZlpvjajSLJYPZpzQroBIspARMDbqlTz/TtAIsJ+oODEx9kMFJPMmmc9BRpxiX7NIAB5hX+XBpFcquxU3F1423tyU0Vz1XunT78ckFVQawkHrjucmppuBMozY+4p+qmkCZAgR7VgrQVDdzfLVJvjUJn0cxsoeaXCe/p7IQGg9FoHtFGAGerE2Df+rdVITXnUzJpPUUElmD4Upx5bBlBPuM0WJ4WNrgChm/4rJACwcY2kWLQRvceVl0zyveNVK9f6iXLue4yigY3SCzpCHLlEN3aI6aiCCHtEzekVvzpPz4rw7H7PWFWc+c4T+yPn6AXEUoSU=</latexit>

! → 1

↑ωv↓

(E. W. Kolb and M. S. Turner, The Early Universe) 

<latexit sha1_base64="QD+TTm8JMHZFM10qeVdX0R6Q4+k=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXGiZqVJdFt24rGAf0A5DJs20oUlmTDJiGbvwV9y4UMStv+HOvzFtZ6GtBy4czrmXe+8JYkaVdpxvK7ewuLS8kl8trK1vbG7Z2zsNFSUSkzqOWCRbAVKEUUHqmmpGWrEkiAeMNIPB1dhv3hOpaCRu9TAmHkc9QUOKkTaSb+89+Gl4jIQYwY6inNzBsnNy6vh20Sk5E8B54makCDLUfPur041wwonQmCGl2q4Tay9FUlPMyKjQSRSJER6gHmkbKhAnyksn94/goVG6MIykKaHhRP09kSKu1JAHppMj3Vez3lj8z2snOrzwUiriRBOBp4vChEEdwXEYsEslwZoNDUFYUnMrxH0kEdYmsoIJwZ19eZ40yiW3UqrcnBWrl1kcebAPDsARcME5qIJrUAN1gMEjeAav4M16sl6sd+tj2pqzspld8AfW5w8Zs5Td</latexit>

xf,ann → 20↑ 30

If we could delay this: 
<latexit sha1_base64="mFB/jyvDrkSafe/M6wy5Y7+lIfw=">AAACI3icbVDLSgMxFM3Ud32NunQTLIKLUmZEqrgS3bisYH3QKUMmzbShmWRI7qhl6L+48VfcuFCKGxf+i2kdxNeBwOGcc7m5J0oFN+B5b05panpmdm5+oby4tLyy6q6tXxiVacqaVAmlryJimOCSNYGDYFepZiSJBLuM+idj//KGacOVPIdBytoJ6Uoec0rASqF7eBfmcZVIOcRBlhKt1W1QDao4EEp2Ne/2oNDwdRhwGcPgKxe6Fa/mTYD/Er8gFVSgEbqjoKNoljAJVBBjWr6XQjsnGjgVbFgOMsNSQvuky1qWSpIw084nNw7xtlU6OFbaPgl4on6fyElizCCJbDIh0DO/vbH4n9fKID5o51ymGTBJPxfFmcCg8Lgw3OGaURADSwjV3P4V0x7RhIKttWxL8H+f/Jdc7Nb8eq1+tlc5Oi7qmEebaAvtIB/toyN0ihqoiSi6R4/oGb04D86TM3JeP6Mlp5jZQD/gvH8A8bilGw==</latexit>

xf,ann → ↑↓ Y→ →

Which requires: for the same
<latexit sha1_base64="eWVJSa967vqIebYJYlV9qzK09RI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbG1pQ9lsN+3S3U3Y3Qgh9Fd48aCIV3+ON/+NmzYHbX0w8Hhvhpl5QcyZNq777ZTW1jc2t8rblZ3dvf2D6uFRR0eJIrRNIh6pboA15UzStmGG026sKBYBp4/B9Db3H5+o0iySDyaNqS/wWLKQEWys1OsNB0yGJq0MqzW37s6BVolXkBoUaA2rX4NRRBJBpSEca9333Nj4GVaGEU5nlUGiaYzJFI9p31KJBdV+Nj94hs6sMkJhpGxJg+bq74kMC61TEdhOgc1EL3u5+J/XT0x47WdMxomhkiwWhQlHJkL592jEFCWGp5Zgopi9FZEJVpgYm1Eegrf88irpXNS9Rr1xf1lr3hRxlOEETuEcPLiCJtxBC9pAQMAzvMKbo5wX5935WLSWnGLmGP7A+fwBYp6QJw==</latexit>

Y→
<latexit sha1_base64="i++3V90cQjkEzYOK52tmJQ0JB98=">AAACC3icbVBNS8NAEN3Ur1q/oh69LC2Cp5KIVI9FLx4r2A9oQplsN+nSzSbsbiol9O7Fv+LFgyJe/QPe/DcmbQ7a+mDg8d4MM/O8mDOlLevbKK2tb2xulbcrO7t7+wfm4VFHRYkktE0iHsmeB4pyJmhbM81pL5YUQo/Trje+yf3uhErFInGvpzF1QwgE8xkBnUkDs+pwEAGn2FEsCAFPsCMLIYlByuihMjBrVt2aA68SuyA1VKA1ML+cYUSSkApNOCjVt61YuylIzQins4qTKBoDGUNA+xkVEFLlpvNfZvg0U4bYj2RWQuO5+nsihVCpaehlnSHokVr2cvE/r59o/8pNmYgTTQVZLPITjnWE82DwkElKNJ9mBIhk2a2YjEAC0Vl8eQj28surpHNetxv1xt1FrXldxFFGJ6iKzpCNLlET3aIWaiOCHtEzekVvxpPxYrwbH4vWklHMHKM/MD5/ADICmoc=</latexit>

→ωv↑ ↓



Why Go Beyond the Standard WIMP?
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AMS + Fermi + CMB 
(most conservative)

R. K. Leane, T. R. Slatyer, J. F. Beacom, and K. C. Y. Ng, arXiv:1805.10305

Hard theoretical ceiling

Opportunity for 
new physics?



A Minimal Extension 
<latexit sha1_base64="EKwHgfAddPIYJqzHBygMFrCSGeM="></latexit>

L → ↑1

2
mωω

2 ↑
(
1

2
mεεε+

1

2
ϑωεε+ h.c.

)

<latexit sha1_base64="LuO9yGiGuMLfudWnl81grSxEesE=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiuCpJkepKim5cVrAXaEOYTCfN0JkkzEwKJfRN3LhQxK1v4s63cdpmoa0/DHz85xzOmT9IOVPacb6t0sbm1vZOebeyt39weGQfn3RUkklC2yThiewFWFHOYtrWTHPaSyXFIuC0G4zv5/XuhErFkvhJT1PqCTyKWcgI1sbybVv4gzRi6BbVDZGI+XbVqTkLoXVwC6hCoZZvfw2GCckEjTXhWKm+66Tay7HUjHA6qwwyRVNMxnhE+wZjLKjy8sXl M3RhnCEKE2lerNHC/T2RY6HUVASmU2AdqdXa3Pyv1s90eOPlLE4zTWOyXBRmHOkEzWNAQyYp0XxqABPJzK2IRFhiok1YFROCu/rldejUa26j1ni8qjbvijjKcAbncAkuXEMTHqAFbSAwgWd4hTcrt16sd+tj2VqyiplT+CPr8wdE9JLL</latexit>

mω > 2mε
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Real Scalar Majorana WIMP

Scalar only interacts with DM


<latexit sha1_base64="v5tpmPy0w43hdRx+i7PzdzPnh50=">AAACAnicbVBNS8NAEJ34WetX1JN4WSyCp5KIVI9FLx4r2A9oQtlsN83SzSbsbpQSihf/ihcPinj1V3jz37hpe9DWBwOP92aYmReknCntON/W0vLK6tp6aaO8ubW9s2vv7bdUkklCmyThiewEWFHOBG1qpjntpJLiOOC0HQyvC799T6ViibjTo5T6MR4IFjKCtZF69qGXRgx5kg0ijaVMHpBHIlZUz644VWcCtEjcGanADI2e/eX1E5LFVGjCsVJd10m1n2OpGeF0XPYyRVNMhnhAu4YKHFPl55MXxujEKH0UJtKU0Gii/p7IcazUKA5MZ4x1pOa9QvzP62Y6vPRzJtJMU0Gmi8KMI52gIg/UZ5ISzUeGYCKZuRWRCEtMtEmtbEJw519eJK2zqlur1m7PK/WrWRwlOIJjOAUXLqAON9CAJhB4hGd4hTfryXqx3q2PaeuSNZs5gD+wPn8AMeWXUg==</latexit>

ω → εε

Yukawa Coupling

(Required for Unstable)

If it is coupled to Higgs, we require:
<latexit sha1_base64="zMKE+44JxFPto0xXAKuThx42Rqo=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEVyURqS6LbtwIFe0DmlAm00k7dDIJMxOhhLrxV9y4UMStf+HOv3HaRtDWAwOHc87lzj1BwpnSjvNlLSwuLa+sFtaK6xubW9v2zm5DxakktE5iHstWgBXlTNC6ZprTViIpjgJOm8Hgcuw376lULBZ3ephQP8I9wUJGsDZSx973uAl3cSe7vR4hj3P0I9glp+xMgOaJm5MS5Kh17E+vG5M0okITjpVqu06i/QxLzQino6KXKppgMsA92jZU4IgqP5tcMEJHRumiMJbmCY0m6u+JDEdKDaPAJCOs+2rWG4v/ee1Uh+d+xkSSairIdFGYcqRjNK4DdZmkRPOhIZhIZv6KSB9LTLQprWhKcGdPnieNk7JbKVduTkvVi7yOAhzAIRyDC2dQhSuoQR0IPMATvMCr9Wg9W2/W+zS6YOUze/AH1sc34rOWiw==</latexit>

ωSM → ω

<latexit sha1_base64="jZ0U7uZajKgaRue50NwmxFsm26w="></latexit>

ω and mω control thermal history



Thermal Histories
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No imprint —> Standard Freeze-out  Re-annihilation —> Delayed freeze-out  DM freeze-out followed by late freeze-in

<latexit sha1_base64="nJinqdVP37y658H/2M5Ed9uiJPU="></latexit>

→↑ωv↓s(x)
xH(x)

(
Y

2
ω → Y

2
ω,eq

)<latexit sha1_base64="p7RjDdzNDEH0FK5nF3cPuA6xjhI=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRVYrMQim5cVrAPaUKZTCbt0MmDmYlYQvwVNy4UceuHuPNvnD4EFT1w4XDOvdx7j58yKqRpfmilpeWV1bXyemVjc2t7R9/d64gk45i0ccIS3vORIIzGpC2pZKSXcoIin5GuP76Y+t1bwgVN4ms5SYkXoWFMQ4qRVNJAr7ohRzgPbgYuHtEiD+6Ks4FeMw1zBmgax07ddmxFbNsxnQa0FlYNLNAa6O9ukOAsIrHEDAnRt8xUejnikmJGioqbCZIiPEZD0lc0RhERXj47voCHSglgmHBVsYQz9ftEjiIhJpGvOiMkR+K3NxX/8vqZDBteTuM0kyTG80VhxqBM4DQJGFBOsGQTRRDmVN0K8QipNKTKq6JC+PoU/k86dcOyDfvqpNY8X8RRBvvgABwBC5yCJrgELdAGGEzAA3gCz9q99qi9aK/z1pK2mKmCH9DePgGVNJVq</latexit>

dYω

dx
=

<latexit sha1_base64="etnqKC7lDK3bx4fC1VNtmPcDwdw="></latexit>

dYω

dx
=

→!ω↑
xH(x)

(
Yω,eq

Y
2
ε

Y 2
ε,eq

↓ Yω

)

<latexit sha1_base64="HPUtVls/TUq1r4ZrY96gpxtb7E8="></latexit>

→2
↑!ω↓
xH(x)

(
Yω,eq

Y
2
ε

Y 2
ε,eq

→ Yω

)

<latexit sha1_base64="6tmCgvlINZJKN1mDMdIgaHXeOzA=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4EJKIlLdCEUXuqxgH9CEMJlO2qEzkzAzEUrIxl9x40IRt36GO//GaZuFth64cDjnXu69J0wYVdpxvq3S0vLK6lp5vbKxubW9Y+/utVWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJRzcTv/NIpKKxeNDjhPgcDQSNKEbaSIF9wAMPDym8gq7jeKfQkzy7Je08sKtOzZkCLhK3IFVQoBnYX14/xiknQmOGlOq5TqL9DElNMSN5xUsVSRAeoQHpGSoQJ8rPpg/k8NgofRjF0pTQcKr+nsgQV2rMQ9PJkR6qeW8i/uf1Uh1d+hkVSaqJwLNFUcqgjuEkDdinkmDNxoYgLKm5FeIhkghrk1nFhODOv7xI2mc1t16r359XG9dFHGVwCI7ACXDBBWiAO9AELYBBDp7BK3iznqwX6936mLWWrGJmH/yB9fkDL+yU4w==</latexit>

mω = 100GeV
<latexit sha1_base64="Th5J/GC6HhgSQFfthWtrgLP0Vrw=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJRKsboehClxXsA5oQJtNJO3RmEmYmQgnZ+CtuXCji1s9w5984bbPQ1gMXDufcy733hAmjSjvOt7WwuLS8slpaK69vbG5t2zu7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4c3Ybz8SqWgsHvQoIT5HfUEjipE2UmDv88BLBhRewXPH8U6gJ3l2S1p5YFecqjMBnCduQSqgQCOwv7xejFNOhMYMKdV1nUT7GZKaYkbyspcqkiA8RH3SNVQgTpSfTR7I4ZFRejCKpSmh4UT9PZEhrtSIh6aTIz1Qs95Y/M/rpjq69DMqklQTgaeLopRBHcNxGrBHJcGajQxBWFJzK8QDJBHWJrOyCcGdfXmetE6rbq1auz+r1K+LOErgAByCY+CCC1AHd6ABmgCDHDyDV/BmPVkv1rv1MW1dsIqZPfAH1ucPStuU9A==</latexit>

mω = 500GeV

Orange matches the observed relic abundance today



Re-annihilation Window
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<latexit sha1_base64="zdREfVAmj504+xNbaOuYqmM6IGk="></latexit>

→ ↑↓ωv↔s(x)
xH(x)

Y
2
ω + 2

↓!ε↔
xH(x)

Yε

<latexit sha1_base64="GJD2VT6/bg6ONJCqYTpBuiMeIBI="></latexit>

Y→ → xf,re↑ann

mplmω↑ωv↓

<latexit sha1_base64="zQgSL8Kvw0GCtoj5f+pnSOwUKRY="></latexit>

xf,re→ann → mω√
mpl!ε

(ln ...)

<latexit sha1_base64="0o4sVwFHczK7lSgtaFwQ8LbyUKI="></latexit>

Yω,QE →
[
2

↑!ε↓
↑ωv↓s(x)Yε

]1/2

<latexit sha1_base64="A4l3r6GroDcaV8XQBKh+tMut8fc="></latexit>

= →↑ωv↓s(x)
xH(x)

(
Y

2
ω → Y

2
ω,QE

)

Valid here

<latexit sha1_base64="p7RjDdzNDEH0FK5nF3cPuA6xjhI=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRVYrMQim5cVrAPaUKZTCbt0MmDmYlYQvwVNy4UceuHuPNvnD4EFT1w4XDOvdx7j58yKqRpfmilpeWV1bXyemVjc2t7R9/d64gk45i0ccIS3vORIIzGpC2pZKSXcoIin5GuP76Y+t1bwgVN4ms5SYkXoWFMQ4qRVNJAr7ohRzgPbgYuHtEiD+6Ks4FeMw1zBmgax07ddmxFbNsxnQa0FlYNLNAa6O9ukOAsIrHEDAnRt8xUejnikmJGioqbCZIiPEZD0lc0RhERXj47voCHSglgmHBVsYQz9ftEjiIhJpGvOiMkR+K3NxX/8vqZDBteTuM0kyTG80VhxqBM4DQJGFBOsGQTRRDmVN0K8QipNKTKq6JC+PoU/k86dcOyDfvqpNY8X8RRBvvgABwBC5yCJrgELdAGGEzAA3gCz9q99qi9aK/z1pK2mKmCH9DePgGVNJVq</latexit>

dYω

dx
=

<latexit sha1_base64="HPUtVls/TUq1r4ZrY96gpxtb7E8="></latexit>

→2
↑!ω↓
xH(x)

(
Yω,eq

Y
2
ε

Y 2
ε,eq

→ Yω

)
<latexit sha1_base64="EE4uTob4MVDLd/Ar17uk8OKXmbc="></latexit>

→↑ωv↓s(x)
xH(x)

(Y 2
ω → Y

2
ω,eq)

0 0
<latexit sha1_base64="6tmCgvlINZJKN1mDMdIgaHXeOzA=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4EJKIlLdCEUXuqxgH9CEMJlO2qEzkzAzEUrIxl9x40IRt36GO//GaZuFth64cDjnXu69J0wYVdpxvq3S0vLK6lp5vbKxubW9Y+/utVWcSkxaOGax7IZIEUYFaWmqGekmkiAeMtIJRzcTv/NIpKKxeNDjhPgcDQSNKEbaSIF9wAMPDym8gq7jeKfQkzy7Je08sKtOzZkCLhK3IFVQoBnYX14/xiknQmOGlOq5TqL9DElNMSN5xUsVSRAeoQHpGSoQJ8rPpg/k8NgofRjF0pTQcKr+nsgQV2rMQ9PJkR6qeW8i/uf1Uh1d+hkVSaqJwLNFUcqgjuEkDdinkmDNxoYgLKm5FeIhkghrk1nFhODOv7xI2mc1t16r359XG9dFHGVwCI7ACXDBBWiAO9AELYBBDp7BK3iznqwX6936mLWWrGJmH/yB9fkDL+yU4w==</latexit>

mω = 100GeV
<latexit sha1_base64="Th5J/GC6HhgSQFfthWtrgLP0Vrw=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJRKsboehClxXsA5oQJtNJO3RmEmYmQgnZ+CtuXCji1s9w5984bbPQ1gMXDufcy733hAmjSjvOt7WwuLS8slpaK69vbG5t2zu7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4c3Ybz8SqWgsHvQoIT5HfUEjipE2UmDv88BLBhRewXPH8U6gJ3l2S1p5YFecqjMBnCduQSqgQCOwv7xejFNOhMYMKdV1nUT7GZKaYkbyspcqkiA8RH3SNVQgTpSfTR7I4ZFRejCKpSmh4UT9PZEhrtSIh6aTIz1Qs95Y/M/rpjq69DMqklQTgaeLopRBHcNxGrBHJcGajQxBWFJzK8QDJBHWJrOyCcGdfXmetE6rbq1auz+r1K+LOErgAByCY+CCC1AHd6ABmgCDHDyDV/BmPVkv1rv1MW1dsIqZPfAH1ucPStuU9A==</latexit>

mω = 500GeV
<latexit sha1_base64="XZL38FdE3bz3zV6kkbPQywFk8mg=">AAACBHicbVC7SgNBFL3rM8bXqmWawSDYuOwGiVoIQRvLCOYB2TXMTmaTIbMPZmaFsKSw8VdsLBSx9SPs/BsnyRaaeGDgcM653LnHTziTyra/jaXlldW19cJGcXNre2fX3NtvyjgVhDZIzGPR9rGknEW0oZjitJ0IikOf05Y/vJ74rQcqJIujOzVKqBfifsQCRrDSUtcsuVyHexhdIsequIqFVCLHvs9OLsZds2xb9hRokTg5KUOOetf8cnsxSUMaKcKxlB3HTpSXYaEY4XRcdFNJE0yGuE87mkZYL/Oy6RFjdKSVHgpioV+k0FT9PZHhUMpR6OtkiNVAznsT8T+vk6rg3MtYlKSKRmS2KEg5UjGaNIJ6TFCi+EgTTATTf0VkgAUmSvdW1CU48ycvkmbFcqpW9fa0XLvK6yhACQ7hGBw4gxrcQB0aQOARnuEV3own48V4Nz5m0SUjnzmAPzA+fwDLmJZK</latexit>

ω = 1.2→ 10→9

Blue matches the observed relic abundance today
<latexit sha1_base64="uHOcZMdHDCHTggtMDAPXzHqO0eU="></latexit>

=→ ↑ωv↓ = 1.2↔ 10→25 cm3/s ↗ 6↔ ↑ωv↓th



Scan Over Coupling
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Freeze-out from annihilation

Freeze-out from re-annihilation

Freeze-out followed by freeze-in



Indirect Detection Limits
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Inner Galaxy Contraints

Abdollahi, S. and Baldini, L. and Bellazzini, R., et al., arXiv:2508.20229
H. Abdalla, F. Aharonian, F. Benkhali, et al., arXiv:2207.10471 

A. Acharyya, R. Adam, C. Adams, et al., arXiv:2007.16129
Viana, A. and Schoorlemmer, H. and Albert, A., et al., arXiv:1906.03353

Dwarf Galaxy Contraints
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mω = 500GeV



Summary
•A single real scalar feebly coupled to a WIMP can trigger re-annihilation after freeze-out


•Late Phi Decay requires an annihilation cross-section up to two orders of magnitude above the thermal relic


•Current and upcoming indirect detection experiments will further probe this scenario 


•Next Directions:

•Particle Physics?


•MSSM no such scalar, doesn’t work

•NMSSM has a scalar, exploring…


•Connection to Baryogenesis

•Deviation from thermal equilibrium during re-annihilation
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