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Introduction



Origin of dark matter

x

-1-We don’t have a clue to the nature of 27% 
dark matter and 68% dark energy.



• WIMP-nucleon cross section strongly constrained 
by direct detection, such as XENON experiments. 

Bounds on WIMP

• New DM:  Axion-like DM, leptophilic DM, resonant DM, etc. 

Solar (8B) neutrinos (2.6-2.7𝞂), 
e.g. 2408.02877

-2-



Dark matter production

x

-3-

• Freeze-out mechanism

• Freeze-in mechanism • Misalignment (boson DM)

• DM self-interactions

DM in thermal equilibrium

N(≥3)→2 annihilation butDM annihilation to thermal bath

DM out of equilibrium

DM initial potential densityTiny DM-SM interaction
<latexit sha1_base64="Hqzbvx33Z5GD8616K9KbN8ykc+0=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiuSlJ8raTgphuhQl/QxDCZTtqhM0mYmQgl5BPc+CtuXCji1qU7/8ZpmoW2HriXwzn3MnOPHzMqlWV9G0vLK6tr66WN8ubW9s6uubffkVEiMGnjiEWi5yNJGA1JW1HFSC8WBHGfka4/vpn63QciJI3ClprExOVoGNKAYqS05Jkn3EOOpBw28u4EAuG0dV/zUkdwGEmcZemt18w8s2JVrRxwkdgFqYACTc/8cgYRTjgJFWZIyr5txcpNkVAUM5KVnUSSGOExGpK+piHiRLppflAGj7UygEEkdIUK5urvjRRxKSfc15McqZGc96bif14/UcGVm9IwThQJ8eyhIGFQRXCaDhxQQbBiE00QFlT/FeIR0pkonWFZh2DPn7xIOrWqfVE9vzur1K+LOErgEByBU2CDS1AHDdAEbYDBI3gGr+DNeDJejHfjYza6ZBQ7B+APjM8fmIic9Q==</latexit>

ma ⇠ H ⇠ T
2
osc

MP
Ultra light DM

<latexit sha1_base64="6PzPQ88zmk2vb25yiCX3o3gyLAw="></latexit>

h�vi = �0(T/mDM)n, T > mDM

small DM-SM interaction<latexit sha1_base64="D1XFV/BudEahvQa1iTYLG36O5OA="></latexit>

⌦DM ⇠ 1 pb

h�vi

<latexit sha1_base64="MB3pV2oF1lc0hGIfTMzWJKY30l4=">AAACG3icbVDLSgMxFM3UV62vqks3wSJUhDJTfK2koItuxCp9QacOmTRtQ5PMkGSEMsx/uPFX3LhQxJXgwr8xfSy09UDgcM693Jzjh4wqbdvfVmphcWl5Jb2aWVvf2NzKbu/UVRBJTGo4YIFs+kgRRgWpaaoZaYaSIO4z0vAHlyO/8UCkooGo6mFI2hz1BO1SjLSRvGzRveGkh7zYlRxeXSduKINQB9BVtMeRZ8N8deLdlZPD+1gcOYmXzdkFeww4T5wpyYEpKl720+0EOOJEaMyQUi3HDnU7RlJTzEiScSNFQoQHqEdahgrEiWrH42wJPDBKB3YDaZ7QcKz+3ogRV2rIfTPJke6rWW8k/ue1It09b8dUhJEmAk8OdSMGTfhRUbBDJcGaDQ1BWFLzV4j7SCKsTZ0ZU4IzG3me1IsF57RwcnucK11M60iDPbAP8sABZ6AEyqACagCDR/AMXsGb9WS9WO/Wx2Q0ZU13dsEfWF8/ktigeg==</latexit>

⌦DM / �0(TRH)
n+1

<latexit sha1_base64="e2z5rUpVjsYuW5RMfx0eRPX9Vl8=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgxbIrfiEiBS8eK7htoV1KNs22odnskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeUEiuDaO840KS8srq2vF9dLG5tb2Tnl3r6HjVFHm0VjEqhUQzQSXzDPcCNZKFCNRIFgzGN5N/OYTU5rH8tGMEuZHpC95yCkxVvLkzYl73S1XnKozBV4kbk4qkKPeLX91ejFNIyYNFUTrtuskxs+IMpwKNi51Us0SQoekz9qWShIx7WfTY8f4yCo9HMbKljR4qv6eyEik9SgKbGdEzEDPexPxP6+dmvDKz7hMUsMknS0KU4FNjCef4x5XjBoxsoRQxe2tmA6IItTYfEo2BHf+5UXSOK26F9Xzh7NK7TaPowgHcAjH4MIl1OAe6uABBQ7P8ApvSKIX9I4+Zq0FlM/swx+gzx+xHo30</latexit>

n < �1 :
<latexit sha1_base64="TY0ocrMqB+YARuhy38fIrj9B1+0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVq56k4KXHKv3CdinZNNuGJtklyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzgpgzbVz328mtrW9sbuW3Czu7e/sHxcOjlo4SRWiTRDxSnQBrypmkTcMMp51YUSwCTtvB+G7mt5+o0iySDTOJqS/wULKQEWys9Njopz0l0ENt2i+W3LI7B1olXkZKkKHeL371BhFJBJWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LJRZU++n84ik6s8oAhZGyJQ2aq78nUiy0nojAdgpsRnrZm4n/ed3EhDd+ymScGCrJYlGYcGQiNHsfDZiixPCJJZgoZm9FZIQVJsaGVLAheMsvr5LWRdm7KlfuL0vV2yyOPJzAKZyDB9dQhRrUoQkEJDzDK7w52nlx3p2PRWvOyWaO4Q+czx8ORZCE</latexit>

TRH-independent

<latexit sha1_base64="Oz6jlCLA0WvahTOLUyG8fh4esMI=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgQstM8bUqBTcuK9iHtEPJpJk2NMkMSUYoQ7/CjQtF3Po57vwb03YW2npC4HDOvdx7TxBzpo3rfju5ldW19Y38ZmFre2d3r7h/0NRRoghtkIhHqh1gTTmTtGGY4bQdK4pFwGkrGN1O/dYTVZpF8sGMY+oLPJAsZAQbKz2ede2T1XOvVyy5ZXcGtEy8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6KXQTTWNMRnhAO5ZKLKj209nCE3RilT4KI2W/NGim/u5IsdB6LAJbKbAZ6kVvKv7ndRIT3vgpk3FiqCTzQWHCkYnQ9HrUZ4oSw8eWYKKY3RWRIVaYGJtRwYbgLZ68TJqVsndVvry/KNWqWRx5OIJjOAUPrqEGd1CHBhAQ8Ayv8OYo58V5dz7mpTkn6zmEP3A+fwDVbI8g</latexit>

, n > �1

<latexit sha1_base64="/6vQbpkWpc7k/UFaulD1eE2tNIk="></latexit>

⌦DM ⇠ 1 pb

(↵self�self/(mDMMP ))1/2

<latexit sha1_base64="F0MoB4oBMeaIk+5d/sn+Dqjga78=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHiMYExgs4TZyWwyZB7LTK8QlnyGFw+KePVrvPk3TpI9aGJBQ1HVTXdXnApuwfe/vdLK6tr6RnmzsrW9s7tX3T94tDozlLWoFtp0YmKZ4Iq1gINgndQwImPB2vHoduq3n5ixXKsHGKcskmSgeMIpASeFpJd3jcRc8UmvWvPr/gx4mQQFqaECzV71q9vXNJNMARXE2jDwU4hyYoBTwSaVbmZZSuiIDFjoqCKS2SifnTzBJ07p40QbVwrwTP09kRNp7VjGrlMSGNpFbyr+54UZJNdRzlWaAVN0vijJBAaNp//jPjeMghg7Qqjh7lZMh8QQCi6ligshWHx5mTye1YPL+sX9ea1xU8RRRkfoGJ2iAF2hBrpDTdRCFGn0jF7Rmwfei/fufcxbS14xc4j+wPv8AUc1kUE=</latexit>aini

DM

DM

SM

SM

<latexit sha1_base64="SxRDMq9xXrGykLtvu9n7RW0Gp8Q=">AAACI3icbZBNS8MwGMdTX+d8q3r0EhyCp9EO3xCUgR68CBPcC6xdSbN0C0vakqTCKP0uXvwqXjwow4sHv4vZ1sPc/EPgz+95niTP348Zlcqyvo2l5ZXVtfXCRnFza3tn19zbb8goEZjUccQi0fKRJIyGpK6oYqQVC4K4z0jTH9yO681nIiSNwic1jInLUS+kAcVIaeSZV46kPY681BEc6muC7NoJBMKpg1jcn+WdSpbyTmVK7h6yzDNLVtmaCC4aOzclkKvmmSOnG+GEk1BhhqRs21as3BQJRTEjWdFJJIkRHqAeaWsbIk6km052zOCxJl0YREKfUMEJnZ1IEZdyyH3dyZHqy/naGP5XaycquHRTGsaJIiGePhQkDKoIjgODXSoIVmyoDcKC6r9C3Ec6IqVjLeoQ7PmVF02jUrbPy2ePp6XqTR5HARyCI3ACbHABquAe1EAdYPAC3sAH+DRejXdjZHxNW5eMfOYA/JHx8wuSJaVx</latexit>

ωself =
ε2
self

m2
DM

<latexit sha1_base64="3nUKSeBdLKUpkCj5qlV3Dx0WWR0=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1KT4mslBTcuK9gHNLFMptN26EwSZiZCDcVfceNCEbf+hzv/xmmbhbYeuHA4517uvSeIOVPacb6t3MLi0vJKfrWwtr6xuWVv79RVlEhCayTikWwGWFHOQlrTTHPajCXFIuC0EQyux37jgUrFovBOD2PqC9wLWZcRrI3Utvc8xQRyvePUkwIRcV8+6Y3adtEpOROgeeJmpAgZqm37y+tEJBE01IRjpVquE2s/xVIzwumo4CWKxpgMcI+2DA2xoMpPJ9eP0KFROqgbSVOhRhP190SKhVJDEZhOgXVfzXpj8T+vlejupZ+yME40Dcl0UTfhSEdoHAXqMEmJ5kNDMJHM3IpIH0tMtAmsYEJwZ1+eJ/VyyT0vnd2eFitXWRx52IcDOAIXLqACN1CFGhB4hGd4hTfryXqx3q2PaWvOymZ24Q+szx/vxJRA</latexit>

→ 1 cm2/g

<latexit sha1_base64="TuIEqOXbjjr9MWZRqHxDfXSc66E="></latexit>

' 0.12

✓
fa

9⇥ 1011 GeV

◆1.165✓aini
fa

◆2

<latexit sha1_base64="FOS0b/XhQ2Zkr5ro0bhymwbjNQM=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKewGXycJePFmBPOA7Bp6J7PJkJnZZWZWCEt+w4sHRbz6M978GyfJHjSxoKGo6qa7K0w408Z1v53Cyura+kZxs7S1vbO7V94/aOk4VYQ2Scxj1QlBU84kbRpmOO0kioIIOW2Ho5up336iSrNYPphxQgMBA8kiRsBYyffvBB1AD/DwsdYrV9yqOwNeJl5OKihHo1f+8vsxSQWVhnDQuuu5iQkyUIYRTiclP9U0ATKCAe1aKkFQHWSzmyf4xCp9HMXKljR4pv6eyEBoPRah7RRghnrRm4r/ed3URFdBxmSSGirJfFGUcmxiPA0A95mixPCxJUAUs7diMgQFxNiYSjYEb/HlZdKqVb2L6vn9WaV+ncdRREfoGJ0iD12iOrpFDdREBCXoGb2iNyd1Xpx352PeWnDymUP0B87nDx0WkRU=</latexit>

!ah
2



Bounds on DM masses

x

-4-• WIMP/SIMP:  Unitarity bounds

• FIMP:   Temperature bound

• Evolution history (reheating, phase transitions, axion rotation)?

<latexit sha1_base64="9sz7HMidzLQhp+et4VM+xbLtsPc="></latexit>

(�v)th ' 3⇥ 10�26 cm3/s <
16⇡

m2
DMv

<latexit sha1_base64="3wamwlJUsdVj5HK288BAG1Jg4Ho=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwISURXysp6MKNUKEvaEKYTG/boTNJmJkIJXTtxl9x40IRt36BO//G6WOhrQcuHM65l3vvCRPOlHacbyu3sLi0vJJfLaytb2xu2ds7dRWnkkKNxjyWzZAo4CyCmmaaQzORQETIoRH2r0d+4wGkYnFU1YMEfEG6EeswSrSRAntfBJknBb65G3oclFJMYNdxvOOxWoX6MLCLTskZA88Td0qKaIpKYH957ZimAiJNOVGq5TqJ9jMiNaMchgUvVZAQ2iddaBkaEQHKz8avDPGhUdq4E0tTkcZj9fdERoRSAxGaTkF0T816I/E/r5XqzqWfsShJNUR0sqiTcqxjPMoFt5kEqvnAEEIlM7di2iOSUG3SK5gQ3NmX50n9pOSel87uT4vlq2kcebSHDtARctEFKqNbVEE1RNEjekav6M16sl6sd+tj0pqzpjO76A+szx+2tZmi</latexit>

mDM . 100TeV

<latexit sha1_base64="SkHBcCsuQV+qt7d1eOec7KwrcGc=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZREfK2koKAboYJ9QFPKZHrbDp1JwsxEKCFLN/6KGxeKuPUT3Pk3TtMutPXAhcM593LvPX7EmdKO823l5uYXFpfyy4WV1bX1DXtzq6bCWFKo0pCHsuETBZwFUNVMc2hEEojwOdT9weXIrz+AVCwM7vUwgpYgvYB1GSXaSG17V7QTTwp8dZt6HJRSTGDXO8y0a6ilbbvolJwMeJa4E1JEE1Ta9pfXCWksINCUE6WarhPpVkKkZpRDWvBiBRGhA9KDpqEBEaBaSfZIiveN0sHdUJoKNM7U3xMJEUoNhW86BdF9Ne2NxP+8Zqy7562EBVGsIaDjRd2YYx3iUSq4wyRQzYeGECqZuRXTPpGEapNdwYTgTr88S2pHJfe0dHJ3XCxfTOLIox20hw6Qi85QGd2gCqoiih7RM3pFb9aT9WK9Wx/j1pw1mdlGf2B9/gCzwZkh</latexit>

mDM . 1GeV
<latexit sha1_base64="XXIEC30537yFxVJgPlbj6e/ZIgk="></latexit>

↵self�self

mDM
' 10�2 cm2/g <

16⇡↵self

m3
DMv2

<latexit sha1_base64="8V3iFfcXYbNsRF11EzIdrIWpTy0=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclUR8raSgi26EKn1BE8JkOmmHzkzCzEQoISs3/oobF4q49Rvc+TdOHwttPXDhcM693HtPmDCqtON8WwuLS8srq4W14vrG5ta2vbPbVHEqMWngmMWyHSJFGBWkoalmpJ1IgnjISCscXI/81gORisairocJ8TnqCRpRjLSRAvuAB5knOby5zT1GlFKUw/pEuq/mgV1yys4YcJ64U1ICU9QC+8vrxjjlRGjMkFId10m0nyGpKWYkL3qpIgnCA9QjHUMF4kT52fiNHB4ZpQujWJoSGo7V3xMZ4koNeWg6OdJ9NeuNxP+8TqqjSz+jIkk1EXiyKEoZ1DEcZQK7VBKs2dAQhCU1t0LcRxJhbZIrmhDc2ZfnSfOk7J6Xz+5OS5WraRwFsA8OwTFwwQWogCqogQbA4BE8g1fwZj1ZL9a79TFpXbCmM3vgD6zPH6/4mJ8=</latexit>

mDM . TRH

t

<latexit sha1_base64="wYwJ/aueQ/j+2LXVJEPIhuZo9uQ="></latexit>

h�vi / (�v)
���
T=mDM

⇥ e�mDM/T

• DM mass beyond unitarity or temperature bound?



Bounds on DM masses

x

-5-• Reheating period or low reheating temperature
<latexit sha1_base64="wYwJ/aueQ/j+2LXVJEPIhuZo9uQ="></latexit>

h�vi / (�v)
���
T=mDM

⇥ e�mDM/T

Stronger couplings than FIMP (“Strong freeze-in”)
“Larger cross section”

FIMP WIMP

medium coupling?

[Cosme et al (2023); Arcadi et al (2024); 
Bernal et al (2024); Sanz, HML, Park (2024)]

LZ

TRH=0.1mDM

TRH=0.2mDM

TRH=0.7mDM
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��� ��� ��� ��� ��� ��� ���
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����
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�

����

TRH
<latexit sha1_base64="SXGBgE74FbEzN3/sziELh5ct1zs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXqRgpceq3RtsV1KNs22oUl2SbJCWfovvHhQ8erP8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1QmxppxJ6htmOO0kimIRctoOx7czv/1ElWaxbJlJQgOBh5JFjGBjpcdWP+spge4b03654lbdOdAq8XJSgRzNfvmrN4hJKqg0hGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKrGgOsjmF0/RmVUGKIqVLWnQXP09kWGh9USEtlNgM9LL3kz8z+umJroKMiaT1FBJFouilCMTo9n7aMAUJYZPLMFEMXsrIiOsMDE2pJINwVt+eZX4F9Xrqnd3Wanf5GkU4QRO4Rw8qEEdGtAEHwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP3YrkE4=</latexit><latexit sha1_base64="SXGBgE74FbEzN3/sziELh5ct1zs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXqRgpceq3RtsV1KNs22oUl2SbJCWfovvHhQ8erP8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1QmxppxJ6htmOO0kimIRctoOx7czv/1ElWaxbJlJQgOBh5JFjGBjpcdWP+spge4b03654lbdOdAq8XJSgRzNfvmrN4hJKqg0hGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKrGgOsjmF0/RmVUGKIqVLWnQXP09kWGh9USEtlNgM9LL3kz8z+umJroKMiaT1FBJFouilCMTo9n7aMAUJYZPLMFEMXsrIiOsMDE2pJINwVt+eZX4F9Xrqnd3Wanf5GkU4QRO4Rw8qEEdGtAEHwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP3YrkE4=</latexit><latexit sha1_base64="SXGBgE74FbEzN3/sziELh5ct1zs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXqRgpceq3RtsV1KNs22oUl2SbJCWfovvHhQ8erP8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1QmxppxJ6htmOO0kimIRctoOx7czv/1ElWaxbJlJQgOBh5JFjGBjpcdWP+spge4b03654lbdOdAq8XJSgRzNfvmrN4hJKqg0hGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKrGgOsjmF0/RmVUGKIqVLWnQXP09kWGh9USEtlNgM9LL3kz8z+umJroKMiaT1FBJFouilCMTo9n7aMAUJYZPLMFEMXsrIiOsMDE2pJINwVt+eZX4F9Xrqnd3Wanf5GkU4QRO4Rw8qEEdGtAEHwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP3YrkE4=</latexit><latexit sha1_base64="SXGBgE74FbEzN3/sziELh5ct1zs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVoXqRgpceq3RtsV1KNs22oUl2SbJCWfovvHhQ8erP8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1QmxppxJ6htmOO0kimIRctoOx7czv/1ElWaxbJlJQgOBh5JFjGBjpcdWP+spge4b03654lbdOdAq8XJSgRzNfvmrN4hJKqg0hGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKrGgOsjmF0/RmVUGKIqVLWnQXP09kWGh9USEtlNgM9LL3kz8z+umJroKMiaT1FBJFouilCMTo9n7aMAUJYZPLMFEMXsrIiOsMDE2pJINwVt+eZX4F9Xrqnd3Wanf5GkU4QRO4Rw8qEEdGtAEHwhIeIZXeHO08+K8Ox+L1oKTzxzDHzifP3YrkE4=</latexit>

Tmax
<latexit sha1_base64="TMGTI2YGQkS7NLrnvE6fhRLNSNM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoF4k4MVjhKwGkiXMTmaTIfNYZmbFsOQzvHhQ8erfePNvnCR70MSChqKqm+6uOOXMWN//9korq2vrG+XNytb2zu5edf/g3qhMExoSxZVux9hQziQNLbOctlNNsYg5fYhHN1P/4ZFqw5Rs2XFKI4EHkiWMYOukTquXd7VAAj9NetWaX/dnQMskKEgNCjR71a9uX5FMUGkJx8Z0Aj+1UY61ZYTTSaWbGZpiMsID2nFUYkFNlM9OnqATp/RRorQradFM/T2RY2HMWMSuU2A7NIveVPzP62Q2uYxyJtPMUknmi5KMI6vQ9H/UZ5oSy8eOYKKZuxWRIdaYWJdSxYUQLL68TMKz+lU9uDuvNa6LNMpwBMdwCgFcQANuoQkhEFDwDK/w5lnvxXv3PuatJa+YOYQ/8D5/AKNRkQQ=</latexit><latexit sha1_base64="TMGTI2YGQkS7NLrnvE6fhRLNSNM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoF4k4MVjhKwGkiXMTmaTIfNYZmbFsOQzvHhQ8erfePNvnCR70MSChqKqm+6uOOXMWN//9korq2vrG+XNytb2zu5edf/g3qhMExoSxZVux9hQziQNLbOctlNNsYg5fYhHN1P/4ZFqw5Rs2XFKI4EHkiWMYOukTquXd7VAAj9NetWaX/dnQMskKEgNCjR71a9uX5FMUGkJx8Z0Aj+1UY61ZYTTSaWbGZpiMsID2nFUYkFNlM9OnqATp/RRorQradFM/T2RY2HMWMSuU2A7NIveVPzP62Q2uYxyJtPMUknmi5KMI6vQ9H/UZ5oSy8eOYKKZuxWRIdaYWJdSxYUQLL68TMKz+lU9uDuvNa6LNMpwBMdwCgFcQANuoQkhEFDwDK/w5lnvxXv3PuatJa+YOYQ/8D5/AKNRkQQ=</latexit><latexit sha1_base64="TMGTI2YGQkS7NLrnvE6fhRLNSNM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoF4k4MVjhKwGkiXMTmaTIfNYZmbFsOQzvHhQ8erfePNvnCR70MSChqKqm+6uOOXMWN//9korq2vrG+XNytb2zu5edf/g3qhMExoSxZVux9hQziQNLbOctlNNsYg5fYhHN1P/4ZFqw5Rs2XFKI4EHkiWMYOukTquXd7VAAj9NetWaX/dnQMskKEgNCjR71a9uX5FMUGkJx8Z0Aj+1UY61ZYTTSaWbGZpiMsID2nFUYkFNlM9OnqATp/RRorQradFM/T2RY2HMWMSuU2A7NIveVPzP62Q2uYxyJtPMUknmi5KMI6vQ9H/UZ5oSy8eOYKKZuxWRIdaYWJdSxYUQLL68TMKz+lU9uDuvNa6LNMpwBMdwCgFcQANuoQkhEFDwDK/w5lnvxXv3PuatJa+YOYQ/8D5/AKNRkQQ=</latexit><latexit sha1_base64="TMGTI2YGQkS7NLrnvE6fhRLNSNM=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoF4k4MVjhKwGkiXMTmaTIfNYZmbFsOQzvHhQ8erfePNvnCR70MSChqKqm+6uOOXMWN//9korq2vrG+XNytb2zu5edf/g3qhMExoSxZVux9hQziQNLbOctlNNsYg5fYhHN1P/4ZFqw5Rs2XFKI4EHkiWMYOukTquXd7VAAj9NetWaX/dnQMskKEgNCjR71a9uX5FMUGkJx8Z0Aj+1UY61ZYTTSaWbGZpiMsID2nFUYkFNlM9OnqATp/RRorQradFM/T2RY2HMWMSuU2A7NIveVPzP62Q2uYxyJtPMUknmi5KMI6vQ9H/UZ5oSy8eOYKKZuxWRIdaYWJdSxYUQLL68TMKz+lU9uDuvNa6LNMpwBMdwCgFcQANuoQkhEFDwDK/w5lnvxXv3PuatJa+YOYQ/8D5/AKNRkQQ=</latexit>

<latexit sha1_base64="cGByqtLkSs2QfIw/JwX2+Nmbnec=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0VwISUpvlZS0EU3QpW+oAlhMp22Q2eSMDMRS8h/uPFX3LhQxJXgwr9x2gbU1gMDh3PO5c49fsSoVJb1ZeQWFpeWV/KrhbX1jc0tc3unKcNYYNLAIQtF20eSMBqQhqKKkXYkCOI+Iy1/eDn2W3dESBoGdTWKiMtRP6A9ipHSkmeW617iCA5vq6nDiJSScsin0tX1j5SlOLpPjzyzaJWsCeA8sTNSBBlqnvnhdEMccxIozJCUHduKlJsgoShmJC04sSQRwkPUJx1NA8SJdJPJbSk80EoX9kKhX6DgRP09kSAu5Yj7OsmRGshZbyz+53Vi1Tt3ExpEsSIBni7qxQyqEI6Lgl0qCFZspAnCguq/QjxAAmGl6yzoEuzZk+dJs1yyT0snN8fFykVWRx7sgX1wCGxwBiqgCmqgATB4AE/gBbwaj8az8Wa8T6M5I5vZBX9gfH4DAYihZQ==</latexit>

TRH ↭ mDM ↭ Tmax,



QCD axion rotation
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<latexit sha1_base64="gzEWHavXyLazUs8pzKtC16WsfyQ="></latexit>

✏✓ ⌘ M2
P

2V 2
E

✓
@VE

@✓

◆2 <latexit sha1_base64="CYdtXLW4pwEm453sWRE8e2kwEKE=">AAACHHicbVDLSgMxFM3UV62vqks3wSLUTZnxvVEENy6r9CWdMmTSTBuayQzJHaEM/RA3/oobF4q4cSH4N6Z1Ftp6IHDuOfdyc48fC67Btr+s3Nz8wuJSfrmwsrq2vlHc3GroKFGU1WkkItXyiWaCS1YHDoK1YsVI6AvW9AdXY795z5TmkazBMGadkPQkDzglYCSveHjnudBnQM7dQBGayqws17zUVSG+vR7tj1L9p/SKJbtiT4BniZOREspQ9YofbjeiScgkUEG0bjt2DJ2UKOBUsFHBTTSLCR2QHmsbKknIdCedHDfCe0bp4iBS5knAE/X3REpCrYehbzpDAn097Y3F/7x2AsFZJ+UyToBJ+rMoSASGCI+Twl2uGAUxNIRQxc1fMe0TExKYPAsmBGf65FnSOKg4J5Xjm6PS5UUWRx7toF1URg46RZfoGlVRHVH0gJ7QC3q1Hq1n6816/2nNWdnMNvoD6/Mbcsmhkg==</latexit>

Y✓ =
n✓(TRH)

s(TRH)

Axion velocity from inflation
Smaller axion decay or 

larger axion mass

[Co, Hall, Harigaya (2019); HML,  A. Menkara, M-J, Seung, J-H, Song (2023, 2024)]

fa=108GeV

fa=2.7x109GeV
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Treh(GeV)

(m
a(
0)

(m
eV

)

ϵθ,end=1

<latexit sha1_base64="2BdH1sB/PxKYa0acmi9GKsRrXCw=">AAACA3icbVDLSsNAFJ3UV62vqjvdDBbBRSmJ+FqIFNy4rGBbSxPCZDpph84kYeZGKKHgxl9x40IRt/6EO//G6WOhrQcuHM65l3vvCRLBNdj2t5VbWFxaXsmvFtbWNza3its7DR2nirI6jUWs7gOimeARqwMHwe4TxYgMBGsG/euR33xgSvM4uoNBwjxJuhEPOSVgJL+41/Jd6DEgly0/I2W3nLlKYsn1cOgXS3bFHgPPE2dKSmiKml/8cjsxTSWLgAqidduxE/AyooBTwYYFN9UsIbRPuqxtaEQk0142/mGID43SwWGsTEWAx+rviYxIrQcyMJ2SQE/PeiPxP6+dQnjhZTxKUmARnSwKU4EhxqNAcIcrRkEMDCFUcXMrpj2iCAUTW8GE4My+PE8axxXnrHJ6e1KqXk3jyKN9dICOkIPOURXdoBqqI4oe0TN6RW/Wk/VivVsfk9acNZ3ZRX9gff4AksSXfA==</latexit>

Y✓ < Ya,mis

<latexit sha1_base64="dplNpBIZsMtlj/EITV5PhhrHZRI="></latexit>

�Ne↵ = 0.024�0.025

<latexit sha1_base64="Grffi3QtogSJe1Ibzt21+Dih1hU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaT42ghFNy4r2Ae0MUymk3boZBJmboQSunDjr7hxoYhbP8Kdf+O0zUJbDwwczrmHO/cEieAaHOfbWlpeWV1bL2wUN7e2d3btvf2mjlNFWYPGIlbtgGgmuGQN4CBYO1GMRIFgrWB4PfFbD0xpHss7GCXMi0hf8pBTAkby7ZL0uzBgQC7D+6pPcNbtxTBTxr5ddirOFHiRuDkpoxx13/4yaZpGTAIVROuO6yTgZUQBp4KNi91Us4TQIemzjqGSREx72fSIMT4ySg+HsTJPAp6qvxMZibQeRYGZjAgM9Lw3Ef/zOimEF17GZZICk3S2KEwFhhhPGsE9rhgFMTKEUMXNXzEdEEUomN6KpgR3/uRF0qxW3LPK6e1JuXaV11FAJXSIjpGLzlEN3aA6aiCKHtEzekVv1pP1Yr1bH7PRJSvPHKA/sD5/AKuhmCI=</latexit>

n✓ = f2
a ✓̇

New Old



Phase transition and DM

x

-7-• DM can receive mass via 1st-order phase transitions.

[M. Hindmarsh et al, 2020]

Inside bubbles: 
true vacuum

Outside bubbles: 
false vacuum

DM abundance is filtered for a 
non-relativistic bubble wall,  vw≪1.

<latexit sha1_base64="RWPuLDdtf6b4vvjgaqzQjw+yd18="></latexit>

⌦DMh2 ⇠ 0.1
⇣ Tn

1TeV

⌘⇣ x

30

⌘5/2
e�(x�30), x =

mDM

Tn

DM mass beyond T.
[M. Baker et al ; D. Chway et al, 2019]

<latexit sha1_base64="HnON6E0gJLGOTXE9a8/QGj2jmWQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DXjxGyAuSJcxOZpMhs7PDzKwQlnyEFw+KePV7vPk3ziZ70MSChqKqm+6uQHKmjet+O4W19Y3NreJ2aWd3b/+gfHjU1nGiCG2RmMeqG2BNORO0ZZjhtCsVxVHAaSeY3Gd+54kqzWLRNFNJ/QiPBAsZwcZKnb4cs2rzfFCuuDV3DrRKvJxUIEdjUP7qD2OSRFQYwrHWPc+Vxk+xMoxwOiv1E00lJhM8oj1LBY6o9tP5uTN0ZpUhCmNlSxg0V39PpDjSehoFtjPCZqyXvUz8z+slJrz1UyZkYqggi0VhwpGJUfY7GjJFieFTSzBRzN6KyBgrTIxNqGRD8JZfXiXti5p3Xbt6vKzU7/I4inACp1AFD26gDg/QgBYQmMAzvMKbI50X5935WLQWnHzmGP7A+fwBhSqPDA==</latexit>

�(T )

Inside bubblesOutside bubbles

DM interactions of order one:

<latexit sha1_base64="Plp7KFOJfvMQNEszommY5FL3N3E=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCymJ75UUdOFGqNAXNCFMppN26MwkzEyEErvwV9y4UMStv+HOv3HaZqGtBy4czrmXe+8JE0aVdpxva25+YXFpubBSXF1b39i0t7YbKk4lJnUcs1i2QqQIo4LUNdWMtBJJEA8ZaYb965HffCBS0VjU9CAhPkddQSOKkTZSYO/yIPMkhzd3Q09RDk8cWAvEUWCXnLIzBpwlbk5KIEc1sL+8ToxTToTGDCnVdp1E+xmSmmJGhkUvVSRBuI+6pG2oQJwoPxvfP4QHRunAKJamhIZj9fdEhrhSAx6aTo50T017I/E/r53q6NLPqEhSTQSeLIpSBnUMR2HADpUEazYwBGFJza0Q95BEWJvIiiYEd/rlWdI4Lrvn5bP701LlKo+jAPbAPjgELrgAFXALqqAOMHgEz+AVvFlP1ov1bn1MWuesfGYH/IH1+QMLqpTS</latexit>

mDM ⇠ 30Tn,



Bubble nucleation
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<latexit sha1_base64="WsnRQk1nw7wL/wzVJ5nXqjlwBbY=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidpKAF49xyQLJEHo6NUmTnp6hu0cIQz7BiwdFvPpF3vwbO8kcNPqg4PFeFVX1gkRwbVz3yyksLa+srhXXSxubW9s75d29po5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApG11O/9YhK81g+mHGCfkQHkoecUWOl+7ue2ytX3Ko7A/lLvJxUIEe9V/7s9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfjY7dUKOrNInYaxsSUNm6s+JjEZaj6PAdkbUDPWiNxX/8zqpCS/9jMskNSjZfFGYCmJiMv2b9LlCZsTYEsoUt7cSNqSKMmPTKdkQvMWX/5LmSdU7r57dnlZqV3kcRTiAQzgGDy6gBjdQhwYwGMATvMCrI5xn5815n7cWnHxmH37B+fgG0kWNfw==</latexit>

R0

:  O(3) symmetric bubble
<latexit sha1_base64="3TGQRdGvwVMP8yaAE8qOiBRDYgM=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgxpJIfayk4MZllb6gjWUynaRDJ5M4MymU0O9w40IRt36MO//GaZuFth64cDjnXu69x4s5U9q2v63cyura+kZ+s7C1vbO7V9w/aKookYQ2SMQj2fawopwJ2tBMc9qOJcWhx2nLG95O/daISsUiUdfjmLohDgTzGcHaSG69GwTo4TE9cyY9u1cs2WV7BrRMnIyUIEOtV/zq9iOShFRowrFSHceOtZtiqRnhdFLoJorGmAxxQDuGChxS5aazoyfoxCh95EfSlNBopv6eSHGo1Dj0TGeI9UAtelPxP6+TaP/aTZmIE00FmS/yE450hKYJoD6TlGg+NgQTycytiAywxESbnAomBGfx5WXSPC87l+WL+0qpepPFkYcjOIZTcOAKqnAHNWgAgSd4hld4s0bWi/Vufcxbc1Y2cwh/YH3+AGVfkTU=</latexit>

T � R�1
0

Bounce action:
<latexit sha1_base64="Lb3tS9hexqSGXL3jU9/7geSP0Ks=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwISWx9bGpFERw4aLSJzQ1TCaTdujkwcxELCF/4cZfceNCEbe682+cPhbaeuDC4Zx7ufceJ2JUSMP41jILi0vLK9nV3Nr6xuaWvr3TFGHMMWngkIW87SBBGA1IQ1LJSDviBPkOIy1ncDnyW/eECxoGdTmMSNdHvYB6FCOpJFsv1OxS2aKBhK4lUQzdu+IDTCyMGLxJ7auy5XGEk5pdTJN6egRtPW8UjDHgPDGnJA+mqNr6l+WGOPZJIDFDQnRMI5LdBHFJMSNpzooFiRAeoB7pKBogn4huMv4rhQdKcaEXclXqwrH6eyJBvhBD31GdPpJ9MeuNxP+8Tiy9825CgyiWJMCTRV7MoAzhKCToUk6wZENFEOZU3QpxH6kkpIoyp0IwZ1+eJ83jgnlaOLkt5SsX0ziyYA/sg0NggjNQAdegChoAg0fwDF7Bm/akvWjv2sekNaNNZ3bBH2ifP6R7nlw=</latexit>

S4 =

Z
d⌧d3xLE =

S3

T
,

Bubble profile: w/ b.c.

Thin-wall approximation:

<latexit sha1_base64="OHmyxBiHrluWlSIinYBKHwuSAko=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMaB6QLGF2MpsMmZ1dZnqFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPcie2ytX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5l9eL+vFK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w/54Y2Z</latexit>

l0

<latexit sha1_base64="LE59E+kOvp9WNpNCe7Mbsm6pXLg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMYh6YLMvsZJIMmZ1dZnqFsOQvvHhQxKt/482/cZLsQaMFDUVVN91dYSKFQdf9cgpLyyura8X10sbm1vZOeXevaeJUM95gsYx1O6SGS6F4AwVK3k40p1EoeSscXU/91iPXRsTqHscJ9yM6UKIvGEUrPcjA7UpJ7gI3KFfcqjsD+Uu8nFQgRz0of3Z7MUsjrpBJakzHcxP0M6pRMMknpW5qeELZiA54x1JFI278bHbxhBxZpUf6sbalkMzUnxMZjYwZR6HtjCgOzaI3Ff/zOin2L/1MqCRFrth8UT+VBGMyfZ/0hOYM5dgSyrSwtxI2pJoytCGVbAje4st/SfOk6p1Xz25PK7WrPI4iHMAhHIMHF1CDG6hDAxgoeIIXeHWM8+y8Oe/z1oKTz+zDLzgf32M2kBQ=</latexit>

l0 ⌧ R0
<latexit sha1_base64="2ibDZKGGUKZjuXWnqiwfj6NKZpg="></latexit>

S3 ' 4⇡�R2 � 4⇡

3
�V R3 =

16⇡

3

�3

(�V )2

<latexit sha1_base64="WcjnliB9uPLv0kxFo/XMQU80e7c=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiTF10Yp6MJlFfuAJpTJdNIOnZmEmYlQQlZu/BU3LhRx6ze482+ctllo64ELh3Pu5d57gphRpR3n2yosLC4trxRXS2vrG5tb9vZOU0WJxKSBIxbJdoAUYVSQhqaakXYsCeIBI61geDX2Ww9EKhqJez2Kic9RX9CQYqSN1LX34V3XufBCiXBa9RTtc5Sl3jVhGsFm1rXLTsWZAM4TNydlkKPetb+8XoQTToTGDCnVcZ1Y+ymSmmJGspKXKBIjPER90jFUIE6Un07eyOChUXowjKQpoeFE/T2RIq7UiAemkyM9ULPeWPzP6yQ6PPdTKuJEE4Gni8KEQR3BcSawRyXBmo0MQVhScyvEA2Qi0Sa5kgnBnX15njSrFfe0cnJ7XK5d5nEUwR44AEfABWegBm5AHTQABo/gGbyCN+vJerHerY9pa8HKZ3bBH1ifPzCbmFQ=</latexit>

R0 =
2�

�V
“critical radius”

Bubble nucleation rate & inverse duration time:
<latexit sha1_base64="AUy6t4XxLlCjQb1xJGwxzdGKTow=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgiWBKpj41ScNNlxfQBTQiTyaQdOnkwMxFKzG+48VfcuFDEpa78G6dtFtp64MLhnHu59x4vYVRIw/jWFhaXlldWS2vl9Y3NrW19Z7ct4pRj0sIxi3nXQ4IwGpGWpJKRbsIJCj1GOt7wZux37gkXNI4sOUqIE6J+RAOKkVSSqxt2wBHObI9IlGcN9zi/sqaSf+fW8sy3ctuj/f6Dm1nKPKm5esWoGhPAeWIWpAIKNF390/ZjnIYkkpghIXqmkUgnQ1xSzEhetlNBEoSHqE96ikYoJMLJJp/l8FApPgxiriqScKL+nshQKMQo9FRniORAzHpj8T+vl8rg0slolKSSRHi6KEgZlDEcxwR9ygmWbKQIwpyqWyEeIJWLVGGWVQjm7MvzpH1aNc+rZ7e1Sv26iKME9sEBOAImuAB10ABN0AIYPIJn8AretCftRXvXPqatC1oxswf+QPv6AchboMM=</latexit>

�

H⇤
= T

dS4

dT

����
T⇤

� 4
<latexit sha1_base64="hV5IQek34VhUkBpQhXB1nMu0XPY=">AAACFXicbZDLSgMxFIYzXmu9jbp0EyxChVpmpF5WUnBhlxV7g16GTJq2oUlmSDJCGfoSbnwVNy4UcSu4821Mp11o6w+Bj/+cw8n5/ZBRpR3n21paXlldW09tpDe3tnd27b39mgoiiUkVByyQDR8pwqggVU01I41QEsR9Rur+8GZSrz8QqWggKnoUkjZHfUF7FCNtLM/OtW4R58gTLUU5rHQKnoCkE5/ee4VsxRMn48QvJZzz7IyTdxLBRXBnkAEzlT37q9UNcMSJ0JghpZquE+p2jKSmmJFxuhUpEiI8RH3SNCgQJ6odJ1eN4bFxurAXSPOEhon7eyJGXKkR900nR3qg5msT879aM9K9q3ZMRRhpIvB0US9iUAdwEhHsUkmwZiMDCEtq/grxAEmEtQkybUJw509ehNpZ3r3In98VMsXrWRwpcAiOQBa44BIUQQmUQRVg8AiewSt4s56sF+vd+pi2LlmzmQPwR9bnD0HXnPg=</latexit>

�n ⇠ T
4
ne

�S4(Tn) ⇠ H(Tn),
<latexit sha1_base64="IyEwytbI2KGfUI4z1TiIrCEupeA=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMYB6SLGF2MpsMmdldZnqFsOQrvHhQxKuf482/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANlyLiDRQoeTvRnKpA8lYwup36rSeujYijBxwn3Fd0EIlQMIpWeuwO0HqKeL1yxa26M5Bl4uWkAjnqvfJXtx+zVPEImaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsjajixs9mB0/IiVX6JIy1rQjJTP09kVFlzFgFtlNRHJpFbyr+53VSDK/9TERJijxi80VhKgnGZPo96QvNGcqxJZRpYW8lbEg1ZWgzKtkQvMWXl0nzrOpdVi/uzyu1mzyOIhzBMZyCB1dQgzuoQwMYKHiGV3hztPPivDsf89aCk88cwh84nz9aR5Ad</latexit>& 1

<latexit sha1_base64="39eh1DuYDnsHh74CL+xc21prNuc="></latexit>

S3 = 4⇡

Z 1

0
s2ds


1

2

✓
d�

ds

◆2

+ VT (�)

�
, s = |~x|



Running bubbles
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Bubble dynamics:
<latexit sha1_base64="viaWSBSX3hFzKfeE0qc6vmpK7ww="></latexit>

L = �2⇡�R2
p

1� Ṙ2 +
4⇡

3
R3p,

<latexit sha1_base64="IpreLDHow0w9cQzMzObwaG3iSTE=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAIblpmxKobpaALF6IV7AU6pZxJ0zY0mRmSjFCGPokbX8WNC0UEV/o2pu0sbOuBwMf/n8PJ+b2QM6Vt+8dKLSwuLa+kVzNr6xubW9ntnaoKIklohQQ8kHUPFOXMpxXNNKf1UFIQHqc1r3858muPVCoW+A96ENKmgK7POoyANlIrWwzP3SvKNeBqPoGwFbtS4Ju7Yd7tghAwrd8ao5XN2QV7XHgenARyKKlyK/vltgMSCeprwkGphmOHuhmD1IxwOsy4kaIhkD50acOgD4KqZjw+b4gPjNLGnUCa52s8Vv9OxCCUGgjPdArQPTXrjcT/vEakO2fNmPlhpKlPJos6Ecc6wKOscJtJSjQfGAAimfkrJj2QQLRJNGNCcGZPnofqUcE5KRTvj3OliySONNpD++gQOegUldA1KqMKIugJvaA39G49W6/Wh/U5aU1Zycwumirr+xd14KF5</latexit>

p = �V ��pLO � ��pNLO

e.o.m:

<latexit sha1_base64="jMds+p18B4mZhJGReBFXMbMQzsw=">AAACE3icbVBNS8NAEN3U7/oV9ehlsQjioST186IIXjzWYqvQlDDZbtqlu0nY3Ygl5D948a948aCIVy/e/Ddua0FtfTDweG+GmXlBwpnSjvNpFaamZ2bn5heKi0vLK6v22npDxakktE5iHsubABTlLKJ1zTSnN4mkIAJOr4Pe+cC/vqVSsTi60v2EtgR0IhYyAtpIvr3rdUAI8DNPCizgLj/xQgkkq9R+pDzbq/lO7tslp+wMgSeJOyIlNELVtz+8dkxSQSNNOCjVdJ1EtzKQmhFO86KXKpoA6UGHNg2NQFDVyoY/5XjbKG0cxtJUpPFQ/T2RgVCqLwLTKUB31bg3EP/zmqkOj1sZi5JU04h8LwpTjnWMBwHhNpOUaN43BIhk5lZMumAy0SbGognBHX95kjQqZfewfHC5Xzo7HcUxjzbRFtpBLjpCZ+gCVVEdEXSPHtEzerEerCfr1Xr7bi1Yo5kN9AfW+xc8255h</latexit>

�max =
2Rmax

3R0

2) Pressure due to radiation of light particles:
<latexit sha1_base64="oe93WmyUqAG6laLJJLLfHIkmM4Q=">AAACHnicbVDLSsNAFJ34rPVVdelmsAgupCRq1Y1S0IUL8QG2Ck0MN9NJO3QmCTMToYR+iRt/xY0LRQRX+jdO2yx8HbhwOOde7r0nSDhT2rY/rbHxicmp6cJMcXZufmGxtLTcUHEqCa2TmMfyJgBFOYtoXTPN6U0iKYiA0+ugezTwr++oVCyOrnQvoZ6AdsRCRkAbyS9V3TYIAe4x5Rpw4meuFPjs9Lx/MDJw+3YL567wG9jdxFe3236pbFfsIfBf4uSkjHJc+KV3txWTVNBIEw5KNR070V4GUjPCab/opoomQLrQpk1DIxBUednwvT5eN0oLh7E0FWk8VL9PZCCU6onAdArQHfXbG4j/ec1Uh/texqIk1TQio0VhyrGO8SAr3GKSEs17hgCRzNyKSQckEG0SLZoQnN8v/yWNrYqzW6le7pRrh3kcBbSK1tAGctAeqqETdIHqiKB79Iie0Yv1YD1Zr9bbqHXMymdW0A9YH18xf6Cb</latexit>

��pNLO = �g2�mV T 3

<latexit sha1_base64="P0l4PK6CLJsSD0F/UjE3IQpaj28=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxQJUgXhOqxMJYEH1ITYgc12mt2klkO4Uqyg+w8CssDCDEys7G3+C2GaBwrq50dM69su/xY0alsqwvozAzOze/UFwsLS2vrK6Z6xsNGSUCkzqOWCRaPpKE0ZDUFVWMtGJBEPcZafr9i5HfHBAhaRTeqGFMXI66IQ0oRkpLnrmz7+iC117qCA45us8cSTkceHfQ8YlCt+mBnXlm2apYY8C/xM5JGeSoeean04lwwkmoMENStm0rVm6KhKKYkazkJJLECPdRl7Q1DREn0k3H12RwVysdGERCd6jgWP25kSIu5ZD7epIj1ZPT3kj8z2snKjhzUxrGiSIhnjwUJAyqCI6igR0qCFZsqAnCguq/QtxDAmGlAyzpEOzpk/+SxmHFPqkcXx2Vq+d5HEWwBbbBHrDBKaiCS1ADdYDBA3gCL+DVeDSejTfjfTJaMPKdTfALxsc3heaanA==</latexit>

, Rmax ⇠ vw�
�1

<latexit sha1_base64="g1sdt6DfSGy5a33iQqRg+sDs2qo="></latexit>

�eq =
�V ��pLO

�pNLO

' �V

g3v�T 3
⇠ cV

g3
� 1, g ⌧ 1

<latexit sha1_base64="seTw0YEJ//QXNiwkbimBeK1j1eQ=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgopRE6mOjFHThskKbFpoYJtNJO3TyYGZSKKFf4MZfceNCEbeu3fk3TtMstPXAhTPn3Mvce7yYUSEN41srrKyurW8UN0tb2zu7e/r+gSWihGPSxhGLeNdDgjAakrakkpFuzAkKPEY63uhm5nfGhAsahS05iYkToEFIfYqRVJKrV+xbwiSC1hV2LTh+qLt2PKRVaFdbtqABHGdvVy8bNSMDXCZmTsogR9PVv+x+hJOAhBIzJETPNGLppIhLihmZluxEkBjhERqQnqIhCohw0uycKawopQ/9iKsKJczU3xMpCoSYBJ7qDJAcikVvJv7n9RLpXzopDeNEkhDPP/ITBmUEZ9nAPuUESzZRBGFO1a4QDxFHWKoESyoEc/HkZWKd1szz2tl9vdy4zuMogiNwDE6ACS5AA9yBJmgDDB7BM3gFb9qT9qK9ax/z1oKWzxyCP9A+fwDRAZq3</latexit>

�V = cV v
4
�, T ⇠ v�

<latexit sha1_base64="pYxXYRWL2wlGNJWnyrPoLtVpV3I="></latexit>

�pLO = �VFT =
1

24
(�m2)T 21) Difference in FT potential:

<latexit sha1_base64="8CB7Vq0ROx/gpT+wQh7oiez3vKw="></latexit>

�max ⇠ 1

(�/H⇤)

MP

v�
� 1

<latexit sha1_base64="wSst0dPChKerBTYLwspLAblc7kM=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCIJQZ8bVRCm5cVrAPaIchk2ba0CQTkoxQh+KvuHGhiFv/w51/Y9rOQlsPXDiccy/33hNJRrXxvG+nsLC4tLxSXC2trW9sbrnbOw2dpAqTOk5YoloR0oRRQeqGGkZaUhHEI0aa0eBm7DcfiNI0EfdmKEnAUU/QmGJkrBS6ezLMOopDKkZXjTCGx1CGceiWvYo3AZwnfk7KIEctdL863QSnnAiDGdK67XvSBBlShmJGRqVOqolEeIB6pG2pQJzoIJtcP4KHVunCOFG2hIET9fdEhrjWQx7ZTo5MX896Y/E/r52a+DLIqJCpIQJPF8UpgyaB4yhglyqCDRtagrCi9laI+0ghbGxgJRuCP/vyPGmcVPzzytndabl6ncdRBPvgABwBH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz6mrQUnn9kFf+B8/gA1f5Rq</latexit>

pin = Vf + pf

<latexit sha1_base64="KtslPTcAH5Qk1hrAfZxtB2vfNr4=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCIJQZ8bVRCm5cVrAPaIchk2ba0GQSkoxQh+KvuHGhiFv/w51/Y9rOQlsPXDiccy/33hNJRrXxvG+nsLC4tLxSXC2trW9sbrnbOw0tUoVJHQsmVCtCmjCakLqhhpGWVATxiJFmNLgZ+80HojQVyb0ZShJw1EtoTDEyVgrdPRlmHcWhSM3oqhFSeCxDGrplr+JNAOeJn5MyyFEL3a9OV+CUk8RghrRu+540QYaUoZiRUamTaiIRHqAeaVuaIE50kE2uH8FDq3RhLJStxMCJ+nsiQ1zrIY9sJ0emr2e9sfif105NfBlkNJGpIQmeLopTBo2A4yhglyqCDRtagrCi9laI+0ghbGxgJRuCP/vyPGmcVPzzytndabl6ncdRBPvgABwBH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz6mrQUnn9kFf+B8/gDUR5TR</latexit>

pout = Vi + pi

<latexit sha1_base64="n9zAP5KDx+9QVEv50TlxyiD+KII=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAHjxGMA9IljA76U2GzM6uM7NCWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSK4Nq777Swtr6yurRc2iptb2zu7pb39ho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGNxO/+YRK81g+mFGCfkT7koecUWOlVucWhaGk0S2V3Yo7BVkkXk7KkKPWLX11ejFLI5SGCap123MT42dUGc4EjoudVGNC2ZD2sW2ppBFqP5veOybHVumRMFa2pCFT9fdERiOtR1FgOyNqBnrem4j/ee3UhFd+xmWSGpRstihMBTExmTxPelwhM2JkCWWK21sJG1BFmbERFW0I3vzLi6RxWvEuKuf3Z+XqdR5HAQ7hCE7Ag0uowh3UoA4MBDzDK7w5j86L8+58zFqXnHzmAP7A+fwBZAmPjA==</latexit>

�V
<latexit sha1_base64="8B4vqzGRWC6IJlf36iF/xFNgino=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUnE10oKunAhWME+oAlhMp22QyeTMDNRSuynuHGhiFu/xJ1/47TNQqsHLhzOuZd77wkTzpR2nC+rsLC4tLxSXC2trW9sbtnl7aaKU0log8Q8lu0QK8qZoA3NNKftRFIchZy2wuHFxG/dU6lYLO70KKF+hPuC9RjB2kiBXfYuKdcYJUHmyQhd34wDu+JUnSnQX+LmpAI56oH96XVjkkZUaMKxUh3XSbSfYakZ4XRc8lJFE0yGuE87hgocUeVn09PHaN8oXdSLpSmh0VT9OZHhSKlRFJrOCOuBmvcm4n9eJ9W9Mz9jIkk1FWS2qJdypGM0yQF1maRE85EhmEhmbkVkgCUm2qRVMiG48y//Jc3DqntSPb49qtTO8ziKsAt7cAAunEINrqAODSDwAE/wAq/Wo/VsvVnvs9aClc/swC9YH994g5N+</latexit>

�pLO

[Boedecker, Moore, 2009]

[Boedecker, Moore, 2017; Gouttennoire et al, 2021]

<latexit sha1_base64="eCiYbtwT0ruz6rtSeIgr/UhrTLQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sS8OIxonlAsoTZyWwyZHZ2mekVwpJP8OJBEa9+kTf/xkmyB40WNBRV3XR3BYkUBl33yyksLa+srhXXSxubW9s75d29polTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W49cGxGrBxwn3I/oQIlQMIpWuk+u3F654lbdGchf4uWkAjnqvfJntx+zNOIKmaTGdDw3QT+jGgWTfFLqpoYnlI3ogHcsVTTixs9mp07IkVX6JIy1LYVkpv6cyGhkzDgKbGdEcWgWvan4n9dJMbz0M6GSFLli80VhKgnGZPo36QvNGcqxJZRpYW8lbEg1ZWjTKdkQvMWX/5LmSdU7r57dnVZq13kcRTiAQzgGDy6gBrdQhwYwGMATvMCrI51n5815n7cWnHxmH37B+fgGzE+New==</latexit>

p = 0

See also I. Baldes,  2024.



Bubble collisions: DM & GW
-10-

DM density:

GW spectrum:

[K. Schmitz, 2020]

<latexit sha1_base64="AwLVhVXJBf3yIRiWcKu1NQDDies=">AAACGXicbVDJSgNBEO1xN26jHr00BsFDCDPidlECevAYJRukw1DT6XGa9Cx09whhmN/w4q948aCIRz35N3aWg9uDgsd7VVTV81PBlXacT2tmdm5+YXFpubSyura+YW9utVSSScqaNBGJ7PigmOAxa2quBeukkkHkC9b2Bxcjv33HpOJJ3NDDlPUiuI15wCloI3m2Q0CkIZyRQALNySUTGnCryIkME++mqGBSIZU7j6QhJ4pHuOHZZafqjIH/EndKymiKume/k35Cs4jFmgpQqus6qe7lIDWnghUlkimWAh3ALesaGkPEVC8ff1bgPaP0cZBIU7HGY/X7RA6RUsPIN50R6FD99kbif14308FpL+dxmmkW08miIBNYJ3gUE+5zyagWQ0OASm5uxTQEk5E2YZZMCO7vl/+S1kHVPa4eXR+Wa+fTOJbQDtpF+8hFJ6iGrlAdNRFF9+gRPaMX68F6sl6tt0nrjDWd2UY/YH18AamVoBE=</latexit>

↵ =
�V

⇢R
, v� ⇠ T

[G. Giudice et al, 2024]



Dark matter from bubble 
collisions



Green function formalism
-11-Probability for particle production:

<latexit sha1_base64="5gNWW6wIWDDflC1h2tS2M9sfR5k=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8SNgVXycJeNBjBPOA3SX0TibJkJnZdWY2EJZ8hxcPinj1Y7z5N06SPWhiQUNR1U13V5Rwpo3rfjtLyyura+uFjeLm1vbObmlvv6HjVBFaJzGPVSsCTTmTtG6Y4bSVKAoi4rQZDW4nfnNIlWaxfDSjhIYCepJ1GQFjpTC4AyHAD5I+C0/bpbJbcafAi8TLSRnlqLVLX0EnJqmg0hAOWvuem5gwA2UY4XRcDFJNEyAD6FHfUgmC6jCbHj3Gx1bp4G6sbEmDp+rviQyE1iMR2U4Bpq/nvYn4n+enpnsdZkwmqaGSzBZ1U45NjCcJ4A5TlBg+sgSIYvZWTPqggBibU9GG4M2/vEgaZxXvsnLxcF6u3uRxFNAhOkInyENXqIruUQ3VEUFP6Bm9ojdn6Lw4787HrHXJyWcO0B84nz8+QJHC</latexit>

�[�], Effective action or generating 
function of 1PI Green functions

Quadratic in ɸ:
<latexit sha1_base64="tsd4I8IX5GVyX5l+En4JEZuWwUc="></latexit>

P =

Z
d4p

(2⇡)4
|�̃(p)|2 Im

⇣
e�(2)(p2)

⌘
,

<latexit sha1_base64="Bf0wKmoV6oBaT9iU3+Ho7qZY9xo="></latexit>

�̃(p) =

Z
d4x�(x) eip·x, etc.

Number density of particles per area:

Bubble profile in momentum space:

Background dynamics Particle physics info.

[R. Watkins, L.M. Widrow, 1992]



Bubble collisions: elastic
-12-Almost degenerate minima: elastic bubble collision

[A. Falkowski, J.M. No, 2012]

t

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

<latexit sha1_base64="GnPLOPicIOUP2tb6nVVBilskerY=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE10oKblxWsA9oh5JJM21oJhOSjFCGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89oRLcWM/7Riura+sbm4Wt4vbO7t5+6eCwaZJUU9agiUh0OySGCS5Zw3IrWFtpRuJQsFY4upv6rSemDU/kox0rFsRkIHnEKbFOajUrXTXkZ71S2at6M+Bl4uekDDnqvdJXt5/QNGbSUkGM6fieskFGtOVUsEmxmxqmCB2RAes4KknMTJDNzp3gU6f0cZRoV9Limfp7IiOxMeM4dJ0xsUOz6E3F/7xOaqObIONSpZZJOl8UpQLbBE9/x32uGbVi7AihmrtbMR0STah1CRVdCP7iy8ukeV71r6qXDxfl2m0eRwGO4QQq4MM11OAe6tAACiN4hld4Qwq9oHf0MW9dQfnMEfwB+vwBheyPCg==</latexit>

V (�) <latexit sha1_base64="bi6JAUWpszE4wr6MrUTv2yee0ik=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQQcKu+DpJwIvHCOYhyRJmJ7PJkJnZZWZWiEu+wosHRbz6Od78GyfJHjSxoKGo6qa7K4g508Z1v53c0vLK6lp+vbCxubW9U9zda+goUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZDG8mfvORKs0ieW9GMfUF7ksWMoKNlR468YCVn07McbdYcivuFGiReBkpQYZat/jV6UUkEVQawrHWbc+NjZ9iZRjhdFzoJJrGmAxxn7YtlVhQ7afTg8foyCo9FEbKljRoqv6eSLHQeiQC2ymwGeh5byL+57UTE175KZNxYqgks0VhwpGJ0OR71GOKEsNHlmCimL0VkQFWmBibUcGG4M2/vEgapxXvonJ+d1aqXmdx5OEADqEMHlxCFW6hBnUgIOAZXuHNUc6L8+58zFpzTjazD3/gfP4A/2+P4g==</latexit>

�(z, t)

<latexit sha1_base64="WaMv9TK+vrAfvCiaWRp6kLNSpdI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHhMwDwgWcLspJOMmZ1dZmaFuOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YhK80jem3GMfkgHkvc5o8ZKtaduseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PgvDjvzse8NedkM4fwB87nD+tNjQQ=</latexit>z

<latexit sha1_base64="RJmEMqHupr1R2HpCUOBBiK9u8fg=">AAAB8XicbVBNS8NAEJ34WetX1aOXYBEqSEnEr4tS8OKxgv3ANpTNdtMu3WzC7kSoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zM82PBNTrOt7WwuLS8sppby69vbG5tF3Z26zpKFGU1GolINX2imeCS1ZCjYM1YMRL6gjX8wc3YbzwypXkk73EYMy8kPckDTgka6aEd93np6RiPrjqFolN2JrDniZuRImSodgpf7W5Ek5BJpIJo3XKdGL2UKORUsFG+nWgWEzogPdYyVJKQaS+dXDyyD43StYNImZJoT9TfEykJtR6GvukMCfb1rDcW//NaCQaXXsplnCCTdLooSISNkT1+3+5yxSiKoSGEKm5utWmfKELRhJQ3IbizL8+T+knZPS+f3Z0WK9dZHDnYhwMogQsXUIFbqEINKEh4hld4s7T1Yr1bH9PWBSub2YM/sD5/AIPukCk=</latexit>

�(z, t) =

<latexit sha1_base64="y7wXo28xq/q5Nvhhst7Gv2cBGuM=">AAACBXicbVC7TgJBFJ31ifhCLbWYSEwsCNklvgpjSGwsMZFHwgKZHQaYMDu7zNzF4IbGxl+xsdAYW//Bzr9xeBQKnuTmnpxzb2bu8ULBNdj2t7WwuLS8sppYS65vbG5tp3Z2SzqIFGVFGohAVTyimeCSFYGDYJVQMeJ7gpW97vXIL/eZ0jyQdzAIWc0nbclbnBIwUiN1YLu9iDQzbm/U8EM9d9mv5xr3GOq5TCOVtrP2GHieOFOSRlMUGqkvtxnQyGcSqCBaVx07hFpMFHAq2DDpRpqFhHZJm1UNlcRnuhaPrxjiI6M0cStQpiTgsfp7Iya+1gPfM5M+gY6e9Ubif141gtZFLeYyjIBJOnmoFQkMAR5FgptcMQpiYAihipu/YtohilAwwSVNCM7syfOklMs6Z9nT25N0/moaRwLto0N0jBx0jvLoBhVQEVH0iJ7RK3qznqwX6936mIwuWNOdPfQH1ucPYfWXNg==</latexit>

0 , z2 < v2wt
2,

<latexit sha1_base64="LEZDqNW/kDa4BhmOMb8bOOaafQ0=">AAACCnicbVC7TsMwFHXKq5RXgZHFUCExoCipeE1VJRbGItGH1KSR4zitVedR2ykqVWcWfoWFAYRY+QI2/ganzQAtR7q6R+fcK/seN2ZUSMP41nJLyyura/n1wsbm1vZOcXevIaKEY1LHEYt4y0WCMBqSuqSSkVbMCQpcRppu/zr1m0PCBY3COzmKiR2gbkh9ipFUklM8HDpW3KPWIEHeqTVIG3zolCvDTtm5h7JT1p1iydCNKeAiMTNSAhlqTvHL8iKcBCSUmCEh2qYRS3uMuKSYkUnBSgSJEe6jLmkrGqKACHs8PWUCj5XiQT/iqkIJp+rvjTEKhBgFrpoMkOyJeS8V//PaifSv7DEN40SSEM8e8hMGZQTTXKBHOcGSjRRBmFP1V4h7iCMsVXoFFYI5f/IiaZR180I/vz0rVStZHHlwAI7ACTDBJaiCG1ADdYDBI3gGr+BNe9JetHftYzaa07KdffAH2ucP0aqZrg==</latexit>

v� , z2 > v2wt
2.

<latexit sha1_base64="Z7r5hAGhrtM95gr2aRVdyA2CwuM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr5MUvHisYG2hCWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDv1209cG5GoBxynPIjpQIlIMIpWavuhGAz8vFetuXV3BrJMvILUoECzV/3y+wnLYq6QSWpM13NTDHKqUTDJJxU/MzylbEQHvGupojE3QT47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0XWQC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t5l/eL+vNa4KeIowxEcwyl4cAUNuIMmtIDBCJ7hFd6c1Hlx3p2PeWvJKWYO4Q+czx9Va4+S</latexit>⇢

Thick wall: 

Thin wall:

<latexit sha1_base64="4SF0oqjs8F5wK5V71T/KDXk42Vo="></latexit>

�(z, t) =
v�
2

✓
2 + tanh

⇣z � |t|
lw

⌘
� tanh

⇣z + |t|
lw

⌘◆
, lw =

l0
�w

.

<latexit sha1_base64="vDekQE+Zxh60olOjHGIhsvgPOhE="></latexit>

�̃(pz,!) =
4vwv�

!2 � v2wp
2
z

<latexit sha1_base64="17POuHdJ7ufgSIlihL5PxRXAMuU="></latexit>

�̃(p,!) ' 2⇡lwv�!

sinh( 12⇡lw!)

1

p2
/ e�⇡lw!/2,

<latexit sha1_base64="NgVe3+EUCbbBzjiFpsqW1z2lWcY=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwFRPxtZKCG5cV7AOaECbTSTp0MhNmJpUS+iduXCji1j9x5984bbPQ1gMXDufcy733RBmjSrvut1VZWV1b36hu1ra2d3b37P2DthK5xKSFBROyGyFFGOWkpalmpJtJgtKIkU40vJv6nRGRigr+qMcZCVKUcBpTjLSRQtv2RUoS5CcJ9M5Y+OSEdt113BngMvFKUgclmqH95fcFzlPCNWZIqZ7nZjookNQUMzKp+bkiGcJDlJCeoRylRAXF7PIJPDFKH8ZCmuIaztTfEwVKlRqnkelMkR6oRW8q/uf1ch3fBAXlWa4Jx/NFcc6gFnAaA+xTSbBmY0MQltTcCvEASYS1CatmQvAWX14m7XPHu3IuHy7qjdsyjio4AsfgFHjgGjTAPWiCFsBgBJ7BK3izCuvFerc+5q0Vq5w5BH9gff4AVamS0A==</latexit>

! � 1/lw.

<latexit sha1_base64="B+adsKBq/KHhyr3CxDPhOx5MFpg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr5MEvHiMYB6wWcLsZDYZMrOzzvRGwpLP8OJBEa9+jTf/xkmyB00saCiquunuChPBDbjut1NYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCR6zBnAQrJ1oRmQoWCsc3k791ohpw1X8AOOEBZL0Yx5xSsBK/qj71DFcskfsdcsVt+rOgJeJl5MKylHvlr86PUVTyWKgghjje24CQUY0cCrYpNRJDUsIHZI+8y2NiWQmyGYnT/CJVXo4UtpWDHim/p7IiDRmLEPbKQkMzKI3Ff/z/BSi6yDjcZICi+l8UZQKDApP/8c9rhkFMbaEUM3trZgOiCYUbEolG4K3+PIyaZ5Vvcvqxf15pXaTx1FER+gYnSIPXaEaukN11EAUKfSMXtGbA86L8+58zFsLTj5ziP7A+fwB70ORBg==</latexit>

vw ' 1 ,  IR dominant
<latexit sha1_base64="Sg7tNocWqXav3QcxI3Jk1MeCRmc=">AAACGnicbVDLSsNAFJ3UV62vqEs3wSJUkJIUXyspuHGpYG2hqWEyvWmHziTjzESood/hxl9x40IRd+LGv3H6WGjrgQuHc+7l3ntCwajSrvtt5ebmFxaX8suFldW19Q17c+tGJakkUCMJS2QjxAoYjaGmqWbQEBIwDxnUw9750K/fg1Q0ia91X0CL405MI0qwNlJge5mvKWuDL7p0UBLBw4GfcOjgfV9RDnd+JDHJDu+DkZ+J28ogsItu2R3BmSXehBTRBJeB/em3E5JyiDVhWKmm5wrdyrDUlDAYFPxUgcCkhzvQNDTGHFQrG702cPaM0naiRJqKtTNSf09kmCvV56Hp5Fh31bQ3FP/zmqmOTlsZjUWqISbjRVHKHJ04w5ycNpVANOsbgomk5laHdLFJQ5s0CyYEb/rlWXJTKXvH5aOrw2L1bBJHHu2gXVRCHjpBVXSBLlENEfSIntErerOerBfr3foYt+asycw2+gPr6weQGaHS</latexit>

�̃(pz,!) '
4v�
p2

=> scalar waves, particle production

Running bubbles,



-13-
Produced particles on surface diffuse over the bubble volume.

<latexit sha1_base64="8vyMnluRNqJCUg4fn+39RmJQq7w=">AAAB+3icbVDLSgMxFM34rPU11qWbYBHcWGaKr41ScOOygn1AOx0yadqG5jEkGbEO/RU3LhRx64+4829M21lo64ELJ+fcS+49UcyoNp737Swtr6yurec28ptb2zu77l6hrmWiMKlhyaRqRkgTRgWpGWoYacaKIB4x0oiGNxO/8UCUplLcm1FMAo76gvYoRsZKoVuIO+WrtuSkjzrlE/sIn0K36JW8KeAi8TNSBBmqofvV7kqccCIMZkjrlu/FJkiRMhQzMs63E01ihIeoT1qWCsSJDtLp7mN4ZJUu7EllSxg4VX9PpIhrPeKR7eTIDPS8NxH/81qJ6V0GKRVxYojAs496CYNGwkkQsEsVwYaNLEFYUbsrxAOkEDY2rrwNwZ8/eZHUyyX/vHR2d1qsXGdx5MABOATHwAcXoAJuQRXUAAaP4Bm8gjdn7Lw4787HrHXJyWb2wR84nz/BN5Od</latexit>

p2 = !2 � p2z

<latexit sha1_base64="RsddvjasE9WGznah16MLqrelEsM="></latexit>

n =
N

V
=

3

4⇡2R⇤

Z p2
max

p2
min

dp2 f(p2)Im
h
e�(2)(p2)

i
,

<latexit sha1_base64="Y7eGtphwnMXCN/Cly1D94bralC8="></latexit>

f(p2) =
1

4

Z 1

p2

d p
 2 � p4

|�̃(pz,!)|2,

“Efficiency” factor for particle production

<latexit sha1_base64="YJ5KaAROS/ogVjspKRzJkyOP/4U=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiCIhzAjbicJePEYlyyQDKGn00ma9PQM3TVCGPIJXjwo4tUv8ubf2EnmoIkPCh7vVVFVL4ilMOi6305uaXlldS2/XtjY3NreKe7u1U2UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew5uJ33ji2ohIPeIo5n5I+0r0BKNopYf7zkmnWHLL7hRkkXgZKUGGaqf41e5GLAm5QiapMS3PjdFPqUbBJB8X2onhMWVD2uctSxUNufHT6aljcmSVLulF2pZCMlV/T6Q0NGYUBrYzpDgw895E/M9rJdi78lOh4gS5YrNFvUQSjMjkb9IVmjOUI0so08LeStiAasrQplOwIXjzLy+S+mnZuyif352VKtdZHHk4gEM4Bg8uoQK3UIUaMOjDM7zCmyOdF+fd+Zi15pxsZh/+wPn8AcktjXk=</latexit>

R⇤
<latexit sha1_base64="YJ5KaAROS/ogVjspKRzJkyOP/4U=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiCIhzAjbicJePEYlyyQDKGn00ma9PQM3TVCGPIJXjwo4tUv8ubf2EnmoIkPCh7vVVFVL4ilMOi6305uaXlldS2/XtjY3NreKe7u1U2UaMZrLJKRbgbUcCkUr6FAyZux5jQMJG8Ew5uJ33ji2ohIPeIo5n5I+0r0BKNopYf7zkmnWHLL7hRkkXgZKUGGaqf41e5GLAm5QiapMS3PjdFPqUbBJB8X2onhMWVD2uctSxUNufHT6aljcmSVLulF2pZCMlV/T6Q0NGYUBrYzpDgw895E/M9rJdi78lOh4gS5YrNFvUQSjMjkb9IVmjOUI0so08LeStiAasrQplOwIXjzLy+S+mnZuyif352VKtdZHHk4gEM4Bg8uoQK3UIUaMOjDM7zCmyOdF+fd+Zi15pxsZh/+wPn8AcktjXk=</latexit>

R⇤

<latexit sha1_base64="17POuHdJ7ufgSIlihL5PxRXAMuU="></latexit>

�̃(p,!) ' 2⇡lwv�!

sinh( 12⇡lw!)

1

p2
/ e�⇡lw!/2,

<latexit sha1_base64="NgVe3+EUCbbBzjiFpsqW1z2lWcY=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwFRPxtZKCG5cV7AOaECbTSTp0MhNmJpUS+iduXCji1j9x5984bbPQ1gMXDufcy733RBmjSrvut1VZWV1b36hu1ra2d3b37P2DthK5xKSFBROyGyFFGOWkpalmpJtJgtKIkU40vJv6nRGRigr+qMcZCVKUcBpTjLSRQtv2RUoS5CcJ9M5Y+OSEdt113BngMvFKUgclmqH95fcFzlPCNWZIqZ7nZjookNQUMzKp+bkiGcJDlJCeoRylRAXF7PIJPDFKH8ZCmuIaztTfEwVKlRqnkelMkR6oRW8q/uf1ch3fBAXlWa4Jx/NFcc6gFnAaA+xTSbBmY0MQltTcCvEASYS1CatmQvAWX14m7XPHu3IuHy7qjdsyjio4AsfgFHjgGjTAPWiCFsBgBJ7BK3izCuvFerc+5q0Vq5w5BH9gff4AVamS0A==</latexit>

! � 1/lw.

=> unsuppressed production

Bubble collisions: elastic

<latexit sha1_base64="YXOBGqlSzenMc+xG2Lu/+WlSuRs="></latexit>

pmax = 2/lw, pmin = min(2m, (2R⇤)
�1)

Elastic bubbles: 

<latexit sha1_base64="FnbjJ5tAGhTUDjK7O0xzr+TlycI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMaB6QLGF2MkmGzM4uM72RsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5B3USJZrzGIhnpZkANl0LxGgqUvBlrTsNA8kYwvJ36jRHXRkTqEccx90PaV6InGEUrPYw6T51iyS27M5Bl4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFJoJ4bHlA1pn7csVTTkxk9np07IiVW6pBdpWwrJTP09kdLQmHEY2M6Q4sAselPxP6+VYO/aT4WKE+SKzRf1EkkwItO/SVdozlCOLaFMC3srYQOqKUObTsGG4C2+vEzqZ2Xvsnxxf16q3GRx5OEIjuEUPLiCCtxBFWrAoA/P8ApvjnRenHfnY96ac7KZQ/gD5/MHdMiN6g==</latexit>vw
<latexit sha1_base64="FnbjJ5tAGhTUDjK7O0xzr+TlycI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMaB6QLGF2MkmGzM4uM72RsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5B3USJZrzGIhnpZkANl0LxGgqUvBlrTsNA8kYwvJ36jRHXRkTqEccx90PaV6InGEUrPYw6T51iyS27M5Bl4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFJoJ4bHlA1pn7csVTTkxk9np07IiVW6pBdpWwrJTP09kdLQmHEY2M6Q4sAselPxP6+VYO/aT4WKE+SKzRf1EkkwItO/SVdozlCOLaFMC3srYQOqKUObTsGG4C2+vEzqZ2Xvsnxxf16q3GRx5OEIjuEUPLiCCtxBFWrAoA/P8ApvjnRenHfnY96ac7KZQ/gD5/MHdMiN6g==</latexit>vw

<latexit sha1_base64="e+BkRSi774JB1IhJNNM8Q+qVD7o=">AAACJ3icbVDLSsNAFJ34rPVVdelmsAiuSiK+VqXgxmWFvqAp4WY6SYfOJGFmUimhf+PGX3EjqIgu/ROnbRbaeuBeDufcy8w9fsKZ0rb9Za2srq1vbBa2its7u3v7pYPDlopTSWiTxDyWHR8U5SyiTc00p51EUhA+p21/eDv12yMqFYujhh4ntCcgjFjACGgjeaWqGwsagquYwGLW3UACydwQhADvYZJxz57MjVzCI89NBswNQ9zwSmW7Ys+Al4mTkzLKUfdKr24/JqmgkSYclOo6dqJ7GUjNCKeTopsqmgAZQki7hkYgqOplszsn+NQofRzE0lSk8Uz9vZGBUGosfDMpQA/UojcV//O6qQ5uehmLklTTiMwfClKOdYynoeE+k5RoPjYEiGTmr5gMwOSkTbRFE4KzePIyaZ1XnKvK5f1FuVbN4yigY3SCzpCDrlEN3aE6aiKCHtEzekPv1pP1Yn1Yn/PRFSvfOUJ/YH3/ADFsprs=</latexit>

ω → m → εw
l0

→ εwvω ↑ T



Bubble collisions: inelastic
-14-Non-degenerate minima: inelastic bubble collision

<latexit sha1_base64="WaMv9TK+vrAfvCiaWRp6kLNSpdI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHhMwDwgWcLspJOMmZ1dZmaFuOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YhK80jem3GMfkgHkvc5o8ZKtaduseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PgvDjvzse8NedkM4fwB87nD+tNjQQ=</latexit>z

t
<latexit sha1_base64="GnPLOPicIOUP2tb6nVVBilskerY=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE10oKblxWsA9oh5JJM21oJhOSjFCGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89oRLcWM/7Riura+sbm4Wt4vbO7t5+6eCwaZJUU9agiUh0OySGCS5Zw3IrWFtpRuJQsFY4upv6rSemDU/kox0rFsRkIHnEKbFOajUrXTXkZ71S2at6M+Bl4uekDDnqvdJXt5/QNGbSUkGM6fieskFGtOVUsEmxmxqmCB2RAes4KknMTJDNzp3gU6f0cZRoV9Limfp7IiOxMeM4dJ0xsUOz6E3F/7xOaqObIONSpZZJOl8UpQLbBE9/x32uGbVi7AihmrtbMR0STah1CRVdCP7iy8ukeV71r6qXDxfl2m0eRwGO4QQq4MM11OAe6tAACiN4hld4Qwq9oHf0MW9dQfnMEfwB+vwBheyPCg==</latexit>

V (�)

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

=> scalar waves, mainly

<latexit sha1_base64="lPKL/IdI4nVeKH88jZffeVz0qp4=">AAACKnicbVDLTgIxFO3gC/E16tJNIzHBBWSG+NpoMG5cYiJgwoyTTulAQ+eRtmOCE77Hjb/ihoWGuPVD7MAYETxJk9Nz7r3tPW7EqJCGMdZyS8srq2v59cLG5tb2jr671xRhzDFp4JCF/MFFgjAakIakkpGHiBPku4y03P5N6reeCBc0DO7lICK2j7oB9ShGUkmOfl2yIsQlReyx6sjyzOX52Ip69LJseRzh5MeAzeEvTwuGjl40KsYEcJGYGSmCDHVHH1mdEMc+CSRmSIi2aUTSTtKZmJFhwYoFiRDuoy5pKxognwg7maw6hEdK6UAv5OoEEk7U2Y4E+UIMfFdV+kj2xLyXiv957Vh6F3ZCgyiWJMDTh7yYQRnCNDfYoZxgyQaKIMyp+ivEPaSikSrdggrBnF95kTSrFfOscnp3UqxdZXHkwQE4BCVggnNQA7egDhoAgxfwBt7Bh/aqjbSx9jktzWlZzz74A+3rGznxp8s=</latexit>

(@2
t � @2

z )� = �@V

@�
Equation for bubble profile:

<latexit sha1_base64="knuaXaj20wW/nIs38ux2FVoyacE="></latexit>

t > 0 : V (�) ' 1

2
m2

�(�� v�)
2,

<latexit sha1_base64="RN3GzccfJvif9avQg0R5trjy/nU="></latexit>

�(z, t) = v� + v�lw

Z 1

0
dpz

pzq
p2z +m2

�

cos(pzz)

sinh( 12⇡lwpz)
sin(

q
p2z +m2

�t), t > 0.

[A. Falkowski, J.M. No, 2012]

<latexit sha1_base64="1p+83xQfbjjvZN3Q3/GB8Spl+88="></latexit>

�̃(pz,!) =
⇡lwv�pz

sinh( 12⇡lwpz)

✓
1

!2 � p2z
� 1

!2 � p2z �m2
h

◆

<latexit sha1_base64="bxmfhgjZOkVFRzIPQLHE6Aa1h9w=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTiCxdS0IUboYJ9QBPCZDpph85MwsxELCG/4saFIm79EXf+jdM2C209cOFwzr3ce0+YMKq043xbpaXlldW18nplY3Nre8ferbZVnEpMWjhmseyGSBFGBWlpqhnpJpIgHjLSCUfXE7/zSKSisXjQ44T4HA0EjShG2kiBXeVB5kkOb+5ybzCAPBheBnbNqTtTwEXiFqQGCjQD+8vrxzjlRGjMkFI910m0nyGpKWYkr3ipIgnCIzQgPUMF4kT52fT2HB4apQ+jWJoSGk7V3xMZ4kqNeWg6OdJDNe9NxP+8XqqjCz+jIkk1EXi2KEoZ1DGcBAH7VBKs2dgQhCU1t0I8RBJhbeKqmBDc+ZcXSfu47p7VT+9Pao2rIo4y2AcH4Ai44Bw0wC1oghbA4Ak8g1fwZuXWi/VufcxaS1Yxswf+wPr8AQ3hk80=</latexit>

mDM � mh :
<latexit sha1_base64="uRdd55UU5e2xJNrVZx4vDynUHCE=">AAACD3icbVC7TsMwFHV4lvIKMLJYVKCyVEnFa0IVLIxFog+pLZXj3rRW7STYDlIV+gcs/AoLAwixsrLxN7htBmg5kqXjc+699j1exJnSjvNtzc0vLC4tZ1ayq2vrG5v21nZVhbGkUKEhD2XdIwo4C6CimeZQjyQQ4XGoef3LkV+7B6lYGNzoQQQtQboB8xkl2kht+8DPR7fFw6ZiAu5werlg3Yd20pQCAydKMzps2zmn4IyBZ4mbkhxKUW7bX81OSGMBgaZmhmq4TqRbCZFmGodhthkriAjtky40DA2IANVKxvsM8b5ROtgPpTmBxmP1d0dChFID4ZlKQXRPTXsj8T+vEWv/rJWwIIo1BHTykB9zrEM8Cgd3mASq+cAQQiUzf8W0RySh2kSYNSG40yvPkmqx4J4Ujq+PcqXzNI4M2kV7KI9cdIpK6AqVUQVR9Iie0St6s56sF+vd+piUzllpzw76A+vzB3pBm7c=</latexit>

f(p2) ' f(p2)
���
elastic

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,

<latexit sha1_base64="i/T4qBLolTKNXkrgLvz0lSMD4/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DpJwIvHBMwDkhBmJ73JmNnZZWZWCEu+wIsHRbz6Sd78GyfJHjSxoKGo6qa7y48F18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDf1m0+oNI/kgxnH2A3pQPKAM2qsVDvrFUtu2Z2BLBMvIyXIUO0Vvzr9iCUhSsME1brtubHpplQZzgROCp1EY0zZiA6wbamkIepuOjt0Qk6s0idBpGxJQ2bq74mUhlqPQ992htQM9aI3Ff/z2okJbropl3FiULL5oiARxERk+jXpc4XMiLEllClubyVsSBVlxmZTsCF4iy8vk8Z52bsqX9YuSpXbLI48HMExnIIH11CBe6hCHRggPMMrvDmPzovz7nzMW3NONnMIf+B8/gB1FYy2</latexit>,



Elastic vs inelastic collisions

[A. Falkowski, J.M. No, 2012]

<latexit sha1_base64="ioLx/lCxFlCyQ4JhsE8uKBvdDWs=">AAAB9HicbVDLSgNBEOz1GeMr6tHLYBA8hd3g66IEvHiMYB6QrGF2MpsMmZldZ2YjYcl3ePGgiFc/xpt/4yTZgyYWNBRV3XR3BTFn2rjut7O0vLK6tp7byG9ube/sFvb26zpKFKE1EvFINQOsKWeS1gwznDZjRbEIOG0Eg5uJ3xhSpVkk780opr7APclCRrCxkt/uYSFw5+nKcx/KnULRLblToEXiZaQIGaqdwle7G5FEUGkIx1q3PDc2foqVYYTTcb6daBpjMsA92rJUYkG1n06PHqNjq3RRGClb0qCp+nsixULrkQhsp8Cmr+e9ifif10pMeOmnTMaJoZLMFoUJRyZCkwRQlylKDB9Zgoli9lZE+lhhYmxOeRuCN//yIqmXS9556ezutFi5zuLIwSEcwQl4cAEVuIUq1IDAIzzDK7w5Q+fFeXc+Zq1LTjZzAH/gfP4AsVqRZQ==</latexit>

�w = 102
<latexit sha1_base64="ys9vC3nNfzIg4IrTNAxDLrX/3H8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKez6vigBLx4jmAcka5idzCZDZmbXmdlIWPIdXjwo4tWP8ebfOEn2oNGChqKqm+6uIOZMG9f9cnILi0vLK/nVwtr6xuZWcXunrqNEEVojEY9UM8CaciZpzTDDaTNWFIuA00YwuJ74jSFVmkXyzoxi6gvckyxkBBsr+e0eFgJ3Hi899/64Uyy5ZXcK9Jd4GSlBhmqn+NnuRiQRVBrCsdYtz42Nn2JlGOF0XGgnmsaYDHCPtiyVWFDtp9Ojx+jAKl0URsqWNGiq/pxIsdB6JALbKbDp63lvIv7ntRITXvgpk3FiqCSzRWHCkYnQJAHUZYoSw0eWYKKYvRWRPlaYGJtTwYbgzb/8l9SPyt5Z+fT2pFS5yuLIwx7swyF4cA4VuIEq1IDAAzzBC7w6Q+fZeXPeZ605J5vZhV9wPr4Bst6RZg==</latexit>

�w = 103

Inelastic

Elastic

Thick

<latexit sha1_base64="EaK9wVn+WxtPXYpDx7sWHnNiqjw=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGXxcl4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbPJHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjG8zv/1ElWaRfDCTmPoCDyULGcEmk67jx1q/XHGr7gxomXg5qUCORr/81RtEJBFUGsKx1l3PjY2fYmUY4XRa6iWaxpiM8ZB2LZVYUO2ns1un6MQqAxRGypY0aKb+nkix0HoiAtspsBnpRS8T//O6iQmv/JTJODFUkvmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlOyIXiLLy+TVq3qXVTP788q9Zs8jiIcwTGcggeXUIc7aEATCIzgGV7hzRHOi/PufMxbC04+cwh/4Hz+AIOejeU=</latexit>

= p2
<latexit sha1_base64="EaK9wVn+WxtPXYpDx7sWHnNiqjw=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGXxcl4MVjBPOAZA2zk9lkyMzsMjMrhCW/4MWDIl79IW/+jbPJHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjG8zv/1ElWaRfDCTmPoCDyULGcEmk67jx1q/XHGr7gxomXg5qUCORr/81RtEJBFUGsKx1l3PjY2fYmUY4XRa6iWaxpiM8ZB2LZVYUO2ns1un6MQqAxRGypY0aKb+nkix0HoiAtspsBnpRS8T//O6iQmv/JTJODFUkvmiMOHIRCh7HA2YosTwiSWYKGZvRWSEFSbGxlOyIXiLLy+TVq3qXVTP788q9Zs8jiIcwTGcggeXUIc7aEATCIzgGV7hzRHOi/PufMxbC04+cwh/4Hz+AIOejeU=</latexit>

= p2
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Perfectly Elastic:

Elastic collision describes well beyond the resonance.



2-body vs 3-body decays
:  2-point 1PI Green function (or self-energy)

<latexit sha1_base64="vDhmnuOBZobYQ7BRF9A/NcXZdJo=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoOQXMJMcDtJwIMeI5gFstHTU0madM8M3T1KGHLz4q948aCIV3/Bm39jZzlo4oOCx3tVVNXzIs6UdpxvK7W0vLK6ll7PbGxube/Yu3tVFcaSQoWGPJR1jyjgLICKZppDPZJAhMeh5g2uxn7tHqRiYXCnhxG0BOkFrMso0Ubq2IdJ84H5oBn3ATeviRBk1E5yxfwoF7WL+Y6ddQrOBHiRuDOSRTOUO/ZX0w9pLCDQlBOlGq4T6VZCpGaUwyjTjBVEhA5IDxqGBkSAaiWTP0b42Cg+7obSVKDxRP09kRCh1FB4plMQ3Vfz3lj8z2vEunvRSlgQxRoCOl3UjTnWIR6Hgn0mgWo+NIRQycytmPaJJFSb6DImBHf+5UVSLRbcs8Lp7Um2dDmLI40O0BHKIRedoxK6QWVUQRQ9omf0it6sJ+vFerc+pq0pazazj/7A+vwBk1yYdQ==</latexit>

e�(2)(p2)

Optical theorem:

sum over all decays of off-shell scalar

Scalar self-interaction:
<latexit sha1_base64="Uryu0mQWrR+lIgco/g9ngHGpoFE=">AAACCHicbVDLSsNAFJ3UV62vqEsXjhbBhZRE6mMlBTcuK9gHNDFMppN26GQSZiZCCVm68VfcuFDErZ/gzr9x0mahrQcGDufcw517/JhRqSzr2ygtLC4tr5RXK2vrG5tb5vZOW0aJwKSFIxaJro8kYZSTlqKKkW4sCAp9Rjr+6Dr3Ow9ESBrxOzWOiRuiAacBxUhpyTP3nUAgnDpMR/rIc+IhzdL6Qeac5PS+7plVq2ZNAOeJXZAqKND0zC+nH+EkJFxhhqTs2Vas3BQJRTEjWcVJJIkRHqEB6WnKUUikm04OyeCRVvowiIR+XMGJ+juRolDKcejryRCpoZz1cvE/r5eo4NJNKY8TRTieLgoSBlUE81ZgnwqCFRtrgrCg+q8QD5FuRunuKroEe/bkedI+rdnntbPberVxVdRRBnvgEBwDG1yABrgBTdACGDyCZ/AK3own48V4Nz6moyWjyOyCPzA+fwBrspmU</latexit>

��

4!
�4

2-body decay 3-body decay

<latexit sha1_base64="yFS1RfWGPfjdvbVL2AUPUff5gUs=">AAACAXicbVDNS8MwHE39nPOr6kXwEhyCp9GKXycZePE4wX3AWkqapltYkpYkHYwyL/4rXjwo4tX/wpv/jVnXg24+CHm893skvxemjCrtON/W0vLK6tp6ZaO6ubW9s2vv7bdVkklMWjhhieyGSBFGBWlpqhnpppIgHjLSCYe3U78zIlLRRDzocUp8jvqCxhQjbaTAPvQU5dBjJhGhwEsHFI6KK7BrTt0pABeJW5IaKNEM7C8vSnDGidCYIaV6rpNqP0dSU8zIpOpliqQID1Gf9AwViBPl58UGE3hilAjGiTRHaFiovxM54kqNeWgmOdIDNe9Nxf+8Xqbjaz+nIs00EXj2UJwxqBM4rQNGVBKs2dgQhCU1f4V4gCTC2pRWNSW48ysvkvZZ3b2sX9yf1xo3ZR0VcASOwSlwwRVogDvQBC2AwSN4Bq/gzXqyXqx362M2umSVmQPwB9bnDyJRlrE=</latexit>

⇠ ��v�
<latexit sha1_base64="DqPb0B08aL0ft2Vx8F8kqHr7Bzo=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUnE10oKblxWsA9oQphMJu3QmSTMTJRS+yluXCji1i9x5984bbPQ1gMDh3Pu4d45YcaZ0o7zbZVWVtfWN8qbla3tnd09u7rfVmkuCW2RlKeyG2JFOUtoSzPNaTeTFIuQ0044vJn6nQcqFUuTez3KqC9wP2ExI1gbKbCrnmICedwkIhx42YAFds2pOzOgZeIWpAYFmoH95UUpyQVNNOFYqZ7rZNofY6kZ4XRS8XJFM0yGuE97hiZYUOWPZ6dP0LFRIhSn0rxEo5n6OzHGQqmRCM2kwHqgFr2p+J/Xy3V85Y9ZkuWaJmS+KM450ima9oAiJinRfGQIJpKZWxEZYImJNm1VTAnu4peXSfu07l7Uz+/Oao3roo4yHMIRnIALl9CAW2hCCwg8wjO8wpv1ZL1Y79bHfLRkFZkD+APr8wcER5PZ</latexit>

⇠ ��

<latexit sha1_base64="tQQZRe5r12Lx9NLcxmaFuCfo7zA=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZLiCxdScOOygn1Ak4bJdJIOnUyGmUmhhP6JGxeKuPVP3Pk3TtsstPXAhcM593LvPaFgVGnH+bZKa+sbm1vl7crO7t7+gX141FZpJjFp4ZSlshsiRRjlpKWpZqQrJEFJyEgnHN3P/M6YSEVT/qQngvgJijmNKEbaSIFti37di2M47tcDTwzpbWBXnZozB1wlbkGqoEAzsL+8QYqzhHCNGVKq5zpC+zmSmmJGphUvU0QgPEIx6RnKUUKUn88vn8IzowxglEpTXMO5+nsiR4lSkyQ0nQnSQ7XszcT/vF6moxs/p1xkmnC8WBRlDOoUzmKAAyoJ1mxiCMKSmlshHiKJsDZhVUwI7vLLq6Rdr7lXtcvHi2rjroijDE7AKTgHLrgGDfAAmqAFMBiDZ/AK3qzcerHerY9Fa8kqZo7BH1ifP12Hktc=</latexit>

p2 � v2� : highly off-shell => 3-body process dominates!

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

[G. Giudice et al, 2024]
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<latexit sha1_base64="REUurHa414Qy9YEfgCKhFGU9BBM="></latexit>

ωω

3!
vωε̄

3 +
ωω

4!
ε̄4



Scalar vs fermion DM

Scalar DM

Fermion DM

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="jp2sxqyyVwosOQwSzc0LeJcgeBc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoivlZScOOygn1AE8JkMm2HTiZhZlIooeCvuHGhiFu/w51/47TNQlsPDBzOuYd754QpZ0o7zrdVWlldW98ob1a2tnd29+z9g5ZKMklokyQ8kZ0QK8qZoE3NNKedVFIch5y2w+Hd1G+PqFQsEY96nFI/xn3BeoxgbaTAPvIUi5HHTSLCgUKjwEsHLLCrTs2ZAS0TtyBVKNAI7C8vSkgWU6EJx0p1XSfVfo6lZoTTScXLFE0xGeI+7RoqcEyVn8/On6BTo0Sol0jzhEYz9Xcix7FS4zg0kzHWA7XoTcX/vG6mezd+zkSaaSrIfFEv40gnaNoFipikRPOxIZhIZm5FZIAlJto0VjEluItfXiat85p7Vbt8uKjWb4s6ynAMJ3AGLlxDHe6hAU0gkMMzvMKb9WS9WO/Wx3y0ZBWZQ/gD6/MH1dCVaQ==</latexit>

⇠ �sv�

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="EcwnI5uTO3jJyBn385O2dCYD6dY=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnxtZKCG5cV7AM6Y8lkMm1okhmSjFKG/ocbF4q49V/c+Tem7Sy09UDgcM653JsTppxp47rfztLyyuraemmjvLm1vbNb2dtv6SRThDZJwhPVCbGmnEnaNMxw2kkVxSLktB0ObyZ++5EqzRJ5b0YpDQTuSxYzgo2VHnzNBPK5zUe4p3uVqltzp0CLxCtIFQo0epUvP0pIJqg0hGOtu56bmiDHyjDC6bjsZ5qmmAxxn3YtlVhQHeTTq8fo2CoRihNlnzRoqv6eyLHQeiRCmxTYDPS8NxH/87qZia+CnMk0M1SS2aI448gkaFIBipiixPCRJZgoZm9FZIAVJsYWVbYlePNfXiSt05p3UTu/O6vWr4s6SnAIR3ACHlxCHW6hAU0goOAZXuHNeXJenHfnYxZdcoqZA/gD5/MHSICSYA==</latexit>

⇠ �s
<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

3-body process dominant for SDM production.

Assume that DM mass receives minor corrections from SSB.

2-body process is sufficient.

<latexit sha1_base64="fqh1g6CcMoSzryXa05u2s+GyIMI=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065L2oV654VW8GvEz8nFQgR71X/ur2FU1jJi0VxJiO7yU2yIi2nAo2KXVTwxJCR2TAOo5KEjMTZLNrJ/jEKX0cKe1KWjxTf09kJDZmHIeuMyZ2aBa9qfif10ltdB1kXCapZZLOF0WpwFbh6eu4zzWjVowdIVRzdyumQ6IJtS6gkgvBX3x5mTTPqv5l9eL+vFK7yeMowhEcwyn4cAU1uIM6NIDCIzzDK7whhV7QO/qYtxZQPnMIf4A+fwB5vo8R</latexit>�f

[G. Giudice et al, 2024]
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<latexit sha1_base64="tCpjdLd0Nf8a/smSzpcq8R638Wc=">AAACHnicbVBLS8NAGNz4rPUV9ehlsQheLElp1YtS8OLBQwX7gCYNm82mXbp5sLsRSsgv8eJf8eJBEcGT/hs3bQ7aOrAwzMy3u9+4MaNCGsa3trS8srq2Xtoob25t7+zqe/sdESUckzaOWMR7LhKE0ZC0JZWM9GJOUOAy0nXH17nffSBc0Ci8l5OY2AEahtSnGEklOXojtTBi8DZzFBlRR2SXp5bPEU4tpm7xkFLSembFIzqowTwyqDnC0StG1ZgCLhKzIBVQoOXon5YX4SQgocQMCdE3jVjaKeKSYkayspUIEiM8RkPSVzREARF2Ol0vg8dK8aAfcXVCCafq74kUBUJMAlclAyRHYt7Lxf+8fiL9CzulYZxIEuLZQ37CoIxg3hX0KCdYsokiCHOq/grxCKlypGq0rEow51deJJ1a1TyrNu7qleZVUUcJHIIjcAJMcA6a4Aa0QBtg8AiewSt40560F+1d+5hFl7Ri5gD8gfb1A5OBosA=</latexit>

Lωs = →ωs

4
ε2ϑ2

s

<latexit sha1_base64="QrW5nGrIrjoM8k8ZzVCvaksmXOA="></latexit>

Lint = →ωs

2
vωε̄ϑ

2
s

<latexit sha1_base64="i3we79RQ4fZYcbtoRXZJpZF2jGg="></latexit>

!m2
ωs

=
1

2
ωsv

2
ε ↭ mωs ,

<latexit sha1_base64="fomfyxzSjH6x2suYldqPEYqyDL4=">AAACF3icbZDLSsNAFIYn9VbrLerSzWAR3BgS8bZRCm5cuKhgL9CEMJlOmqGTCzMTIYS8hRtfxY0LRdzqzrdx0mahrQcGPv7/HM6c30sYFdI0v7XawuLS8kp9tbG2vrG5pW/vdEWcckw6OGYx73tIEEYj0pFUMtJPOEGhx0jPG1+Xfu+BcEHj6F5mCXFCNIqoTzGSSnJ1I7cxYvC2cBUE1PWLy6PM9e0koDC3PcRLtXB9OHVdvWka5qTgPFgVNEFVbVf/socxTkMSScyQEAPLTKSTIy4pZqRo2KkgCcJjNCIDhREKiXDyyV0FPFDKEPoxVy+ScKL+nshRKEQWeqozRDIQs14p/ucNUulfODmNklSSCE8X+SmDMoZlSHBIOcGSZQoQ5lT9FeIAcYSlirKhQrBmT56H7rFhnRmndyfN1lUVRx3sgX1wCCxwDlrgBrRBB2DwCJ7BK3jTnrQX7V37mLbWtGpmF/wp7fMH/Suf0Q==</latexit>

Lωf = →yfωε̄fεf
<latexit sha1_base64="iMMt4ZD19r+0Wz81HtvZz4wgVO4=">AAACGHicbVDLSsNAFJ3UV62vqks3g0VwVRPxtVEKunBZwT6gKWEyvWmHziRhZlIooZ/hxl9x40IRt935N07bLGrrgQuHc+7l3nv8mDOlbfvHyq2srq1v5DcLW9s7u3vF/YO6ihJJoUYjHsmmTxRwFkJNM82hGUsgwufQ8Pv3E78xAKlYFD7rYQxtQbohCxgl2khe8cx9AK4JFl7q0h7zgtHt0AvwwHPjHnM5KKWYmHO9Ysku21PgZeJkpIQyVL3i2O1ENBEQasqJUi3HjnU7JVIzymFUcBMFMaF90oWWoSERoNrp9LERPjFKBweRNBVqPFXnJ1IilBoK33QKontq0ZuI/3mtRAc37ZSFcaIhpLNFQcKxjvAkJdxhEqjmQ0MIlczcimmPSEK1ybJgQnAWX14m9fOyc1W+fLooVe6yOPLoCB2jU+Sga1RBj6iKaoiiF/SGPtCn9Wq9W1/W96w1Z2Uzh+gPrPEvbBKgqA==</latexit>

!mωf = yfvε ↭ mωf

Fermion DM self-energy:

<latexit sha1_base64="XJ0EoBX6hCgxKMqR6uns1CVBrY0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKql4iQFVYmEsEn1ITRo5rpNYtZPIdipVUWcWfoWFAYRY+QI2/ga3zQAtR7rS8Tn3yvceP2VUKsv6NpaWV1bX1ksb5c2t7Z1dc2+/JZNMYNLECUtEx0eSMBqTpqKKkU4qCOI+I21/cDvx20MiJE3iBzVKictRGNOAYqS05JlHaa/mSMoh79W83MER9eTYCUM41G8njei1Z1asqjUFXCR2QSqgQMMzv5x+gjNOYoUZkrJrW6lycyQUxYyMy04mSYrwAIWkq2mMOJFuPj1lDE+00odBInTFCk7V3xM54lKOuK87OVKRnPcm4n9eN1PBlZvTOM0UifHsoyBjUCVwkgvsU0GwYiNNEBZU7wpxhATCSqdX1iHY8ycvklatal9Uz+/PKvWbIo4SOATH4BTY4BLUwR1ogCbA4BE8g1fwZjwZL8a78TFrXTKKmQPwB8bnD0APmfw=</latexit>

p2 → m2
ωs

↑ v2ε :

<latexit sha1_base64="biiWLroW98xTSCVWxoMENG9kErI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKewGXycJePEYwTwgWcPsZDYZMjO7zswKYclPePGgiFd/x5t/42SzB00saCiquunuCmLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45uZ336iSrNI3ptJTH2Bh5KFjGBjpU5PM4Hih1q/XHGrbga0TLycVCBHo1/+6g0ikggqDeFY667nxsZPsTKMcDot9RJNY0zGeEi7lkosqPbT7N4pOrHKAIWRsiUNytTfEykWWk9EYDsFNiO96M3E/7xuYsIrP2UyTgyVZL4oTDgyEZo9jwZMUWL4xBJMFLO3IjLCChNjIyrZELzFl5dJq1b1Lqrnd2eV+nUeRxGO4BhOwYNLqMMtNKAJBDg8wyu8OY/Oi/PufMxbC04+cwh/4Hz+AHI/j5U=</latexit>

→ p2



Scalar DM relic density
Scalar DM can be produced through 2- & 3-body decays.

Scalar DM
<latexit sha1_base64="Ck4Nw7A5+hExgJ+Q+fJuCLSPWhQ=">AAACC3icbVA7T8MwGHTKq5RXgJHFokJiqpKqPCZUiYWxSPQhNSFyHKe16jiR7SBVUXYW/goLAwix8gfY+Dc4bQZoOcny6e472d/5CaNSWda3UVlZXVvfqG7WtrZ3dvfM/YOejFOBSRfHLBYDH0nCKCddRRUjg0QQFPmM9P3JdeH3H4iQNOZ3apoQN0IjTkOKkdKSZx47oUA4c5iOBMiTedbKnWRM75vQwcXlSc+sWw1rBrhM7JLUQYmOZ345QYzTiHCFGZJyaFuJcjMkFMWM5DUnlSRBeIJGZKgpRxGRbjbbJYcnWglgGAt9uIIz9XciQ5GU08jXkxFSY7noFeJ/3jBV4aWbUZ6kinA8fyhMGVQxLIqBARUEKzbVBGFB9V8hHiNdjtL11XQJ9uLKy6TXbNjnjbPbVr19VdZRBUfgGJwCG1yANrgBHdAFGDyCZ/AK3own48V4Nz7moxWjzByCPzA+fwDimprv</latexit>

�s

4
�2�2

s

<latexit sha1_base64="paqhpmV97Sg5ygxTl8DzgtuCVAU="></latexit>

�s

4
(v� + �̄)2�2

s ! �s

2
v��̄�

2
s

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="jp2sxqyyVwosOQwSzc0LeJcgeBc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoivlZScOOygn1AE8JkMm2HTiZhZlIooeCvuHGhiFu/w51/47TNQlsPDBzOuYd754QpZ0o7zrdVWlldW98ob1a2tnd29+z9g5ZKMklokyQ8kZ0QK8qZoE3NNKedVFIch5y2w+Hd1G+PqFQsEY96nFI/xn3BeoxgbaTAPvIUi5HHTSLCgUKjwEsHLLCrTs2ZAS0TtyBVKNAI7C8vSkgWU6EJx0p1XSfVfo6lZoTTScXLFE0xGeI+7RoqcEyVn8/On6BTo0Sol0jzhEYz9Xcix7FS4zg0kzHWA7XoTcX/vG6mezd+zkSaaSrIfFEv40gnaNoFipikRPOxIZhIZm5FZIAlJto0VjEluItfXiat85p7Vbt8uKjWb4s6ynAMJ3AGLlxDHe6hAU0gkMMzvMKb9WS9WO/Wx3y0ZBWZQ/gD6/MH1dCVaQ==</latexit>

⇠ �sv�
<latexit sha1_base64="EcwnI5uTO3jJyBn385O2dCYD6dY=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRnxtZKCG5cV7AM6Y8lkMm1okhmSjFKG/ocbF4q49V/c+Tem7Sy09UDgcM653JsTppxp47rfztLyyuraemmjvLm1vbNb2dtv6SRThDZJwhPVCbGmnEnaNMxw2kkVxSLktB0ObyZ++5EqzRJ5b0YpDQTuSxYzgo2VHnzNBPK5zUe4p3uVqltzp0CLxCtIFQo0epUvP0pIJqg0hGOtu56bmiDHyjDC6bjsZ5qmmAxxn3YtlVhQHeTTq8fo2CoRihNlnzRoqv6eyLHQeiRCmxTYDPS8NxH/87qZia+CnMk0M1SS2aI448gkaFIBipiixPCRJZgoZm9FZIAVJsYWVbYlePNfXiSt05p3UTu/O6vWr4s6SnAIR3ACHlxCHW6hAU0goOAZXuHNeXJenHfnYxZdcoqZA/gD5/MHSICSYA==</latexit>

⇠ �s

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

[G. Giudice et al, 2024]

-18-

DM relic density:

2-body 3-body
<latexit sha1_base64="YD+1wWTYmzKdTMhE7FGJcBnnRoU=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnE10oKblxW6AuaECbTSTp0ZhJmJoUSCm78FTcuFHHrT7jzb5y2WWjrgQuHc+7l3nvClFGlHefbKq2srq1vlDcrW9s7u3v2/kFbJZnEpIUTlshuiBRhVJCWppqRbioJ4iEjnXB4N/U7IyIVTURTj1PicxQLGlGMtJEC+4gHuYcHNFATL47hKPDSAfUU5bAZ2FWn5swAl4lbkCoo0AjsL6+f4IwToTFDSvVcJ9V+jqSmmJFJxcsUSREeopj0DBWIE+Xnsx8m8NQofRgl0pTQcKb+nsgRV2rMQ9PJkR6oRW8q/uf1Mh3d+DkVaaaJwPNFUcagTuA0ENinkmDNxoYgLKm5FeIBkghrE1vFhOAuvrxM2uc196p2+XBRrd8WcZTBMTgBZ8AF16AO7kEDtAAGj+AZvII368l6sd6tj3lrySpmDsEfWJ8/6qGXsA==</latexit>

m�s � v� ⇠ T dominant 3-body process!

<latexit sha1_base64="z8N9SCnc5pdTDg+3yLyk4mfTX/s="></latexit>

↵ =
�V

⇢R
, �V = cV v

4
�



Wall-plasma interactions
-19-

A wall scalar with boost can split into DM.

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="E05BMR8KAX/mWdohkzPbffFLF9E=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE10oKblxWsA9oh5JJM21sJhmSjFCG/oMbF4q49X/c+Tem7Sy09cCFwzn3cu89YSK4sZ73jQorq2vrG8XN0tb2zu5eef+gaVSqKWtQJZRuh8QwwSVrWG4FayeakTgUrBWObqd+64lpw5V8sOOEBTEZSB5xSqyTml065D3TK1e8qjcDXiZ+TiqQo94rf3X7iqYxk5YKYkzH9xIbZERbTgWblLqpYQmhIzJgHUcliZkJstm1E3zilD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ug4yLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQyYXgL768TJpnVf+yenF/Xqnd5HEU4QiO4RR8uIIa3EEdGkDhEZ7hFd6QQi/oHX3MWwsonzmEP0CfP41yjx4=</latexit>�s

<latexit sha1_base64="FnbjJ5tAGhTUDjK7O0xzr+TlycI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMaB6QLGF2MkmGzM4uM72RsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glgKg6777eRWVtfWN/Kbha3tnd294v5B3USJZrzGIhnpZkANl0LxGgqUvBlrTsNA8kYwvJ36jRHXRkTqEccx90PaV6InGEUrPYw6T51iyS27M5Bl4mWkBBmqneJXuxuxJOQKmaTGtDw3Rj+lGgWTfFJoJ4bHlA1pn7csVTTkxk9np07IiVW6pBdpWwrJTP09kdLQmHEY2M6Q4sAselPxP6+VYO/aT4WKE+SKzRf1EkkwItO/SVdozlCOLaFMC3srYQOqKUObTsGG4C2+vEzqZ2Xvsnxxf16q3GRx5OEIjuEUPLiCCtxBFWrAoA/P8ApvjnRenHfnY96ac7KZQ/gD5/MHdMiN6g==</latexit>vw

2. non-adiabatic condition:

<latexit sha1_base64="NekyicP29cWSnLFRKnv9pxB0rng=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHERUmKr42l4MZlhb6gCWEynbRDZ5JhZiKU0JUbf8WNC0Xc+g3u/BunbRbaeuDC4Zx7ufeeUDCqtON8W0vLK6tr64WN4ubW9s6uvbffUkkqMWnihCWyEyJFGI1JU1PNSEdIgnjISDsc3k789gORiiZxQ48E8TnqxzSiGGkjBfaRCDwxoDdeH3GOYCM4q1Z4kHl4QAM1DuySU3amgIvEzUkJ5KgH9pfXS3DKSawxQ0p1XUdoP0NSU8zIuOiligiEh6hPuobGiBPlZ9M3xvDEKD0YJdJUrOFU/T2RIa7UiIemkyM9UPPeRPzP66Y6uvYzGotUkxjPFkUpgzqBk0xgj0qCNRsZgrCk5laIB0girE1yRROCO//yImlVyu5l+eL+vFSr5nEUwCE4BqfABVegBu5AHTQBBo/gGbyCN+vJerHerY9Z65KVzxyAP7A+fwBewZhu</latexit>

p� = �T⇤ > 2m�s1. kinematic condition:

much stronger than 
kinematic condition.

Extra relic abundance:
<latexit sha1_base64="ZYr1yv8WM1SuFL4b+kR30eILNqs=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBFclZniayUFNy4r2AdMx5LJZNrQTDIkGaEM/Qw3LhRx69e4829M21lo64HA4Zxzyb0nTDnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1jJThLaI5FJ1Q6wpZ4K2DDOcdlNFcRJy2glHt1O/80SVZlI8mHFKgwQPBIsZwcZKfo/baIQf633dr1TdmjsDWiZeQapQoNmvfPUiSbKECkM41tr33NQEOVaGEU4n5V6maYrJCA+ob6nACdVBPlt5gk6tEqFYKvuEQTP190SOE63HSWiTCTZDvehNxf88PzPxdZAzkWaGCjL/KM44MhJN70cRU5QYPrYEE8XsrogMscLE2JbKtgRv8eRl0q7XvMvaxf15tXFT1FGCYziBM/DgChpwB01oAQEJz/AKb45xXpx352MeXXGKmSP4A+fzB/gUkQ0=</latexit>

�2
s

Thus, wall-plasma effects suppressed for mildly boosted wall.

<latexit sha1_base64="sIq7ZQ0zHNNJvwVK4BoxylZRKEI="></latexit>

(�pz)l0 . 1, �pz =
m2

�s

2p�

[Azakov,  Vanvlasselaer, 2020;  + W.  Yin, 2021]

[G. Giudice et al, 2024] [See also J. Cembranos et al, 2024.]

Heavy DM

<latexit sha1_base64="OlSiyyXS/d8jUKjjILkDLyx+C68=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiTiayUFNy4r2Ac0IUymk3boZBJmJoUair/ixoUibv0Pd/6N0zYLbT1w4cw59zL3njDlTGnH+baWlldW19ZLG+XNre2dXXtvv6mSTBLaIAlPZDvEinImaEMzzWk7lRTHIaetcHA78VtDKhVLxIMepdSPcU+wiBGsjRTYh3GQe6TPAjX2ej00DLzUPOyKU3WmQIvELUgFCtQD+8vrJiSLqdCEY6U6rpNqP8dSM8LpuOxliqaYDHCPdgwVOKbKz6fbj9GJUbooSqQpodFU/T2R41ipURyazhjrvpr3JuJ/XifT0bWfM5Fmmgoy+yjKONIJmkSBukxSovnIEEwkM7si0scSE20CK5sQ3PmTF0nzrOpeVi/uzyu1myKOEhzBMZyCC1dQgzuoQwMIPMIzvMKb9WS9WO/Wx6x1ySpmDuAPrM8fqFSVWw==</latexit>

mωs → vε

<latexit sha1_base64="JW8HrNu5x689QsU9/cqiO7GYbaE="></latexit>

ωT→ ↭ m2
ωs
l0 →

m2
ωs

vε
:

<latexit sha1_base64="hPRO/ChW8wN4qlpjBQaskaQ8ya4=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARxEVJxNdKCm5cVugLmhAm00k6dGYSZiZCCXXjr7hxoYhb/8Kdf+O0zUJbD1w4nHMv994Tpowq7TjfVmlpeWV1rbxe2djc2t6xd/faKskkJi2csER2Q6QIo4K0NNWMdFNJEA8Z6YTD24nfeSBS0UQ09SglPkexoBHFSBspsA+8GHGOYDM49eIY8iD38IAGahzYVafmTAEXiVuQKijQCOwvr5/gjBOhMUNK9Vwn1X6OpKaYkXHFyxRJER6imPQMFYgT5efTD8bw2Ch9GCXSlNBwqv6eyBFXasRD08mRHqh5byL+5/UyHV37ORVpponAs0VRxqBO4CQO2KeSYM1GhiAsqbkV4gGSCGsTWsWE4M6/vEjaZzX3snZxf16t3xRxlMEhOAInwAVXoA7uQAO0AAaP4Bm8gjfryXqx3q2PWWvJKmb2wR9Ynz+1DZZt</latexit>

ωT→ → mωs



Bubble collisions for DM
-20-

DM density:
<latexit sha1_base64="AwLVhVXJBf3yIRiWcKu1NQDDies=">AAACGXicbVDJSgNBEO1xN26jHr00BsFDCDPidlECevAYJRukw1DT6XGa9Cx09whhmN/w4q948aCIRz35N3aWg9uDgsd7VVTV81PBlXacT2tmdm5+YXFpubSyura+YW9utVSSScqaNBGJ7PigmOAxa2quBeukkkHkC9b2Bxcjv33HpOJJ3NDDlPUiuI15wCloI3m2Q0CkIZyRQALNySUTGnCryIkME++mqGBSIZU7j6QhJ4pHuOHZZafqjIH/EndKymiKume/k35Cs4jFmgpQqus6qe7lIDWnghUlkimWAh3ALesaGkPEVC8ff1bgPaP0cZBIU7HGY/X7RA6RUsPIN50R6FD99kbif14308FpL+dxmmkW08miIBNYJ3gUE+5zyagWQ0OASm5uxTQEk5E2YZZMCO7vl/+S1kHVPa4eXR+Wa+fTOJbQDtpF+8hFJ6iGrlAdNRFF9+gRPaMX68F6sl6tt0nrjDWd2UY/YH18AamVoBE=</latexit>

↵ =
�V

⇢R
, v� ⇠ T

[G. Giudice et al, 2024]

Heavy dark matter:

3-body decay process from bubble collision.

<latexit sha1_base64="+1Bral096hXjfdQC0PM62dQFGLM=">AAACBXicbVDLSsNAFJ34rPUVdamLwSKIi5KIr5UU3Lis0Bc0IUymk3TozCTMTAoldOPGX3HjQhG3/oM7/8Zpm4W2HrhwOOde7r0nTBlV2nG+raXlldW19dJGeXNre2fX3ttvqSSTmDRxwhLZCZEijArS1FQz0kklQTxkpB0O7iZ+e0ikoolo6FFKfI5iQSOKkTZSYB/xIPdwnwZq7MUxHAZe2qeeohw2grPArjhVZwq4SNyCVECBemB/eb0EZ5wIjRlSqus6qfZzJDXFjIzLXqZIivAAxaRrqECcKD+ffjGGJ0bpwSiRpoSGU/X3RI64UiMemk6OdF/NexPxP6+b6ejGz6lIM00Eni2KMgZ1AieRwB6VBGs2MgRhSc2tEPeRRFib4MomBHf+5UXSOq+6V9XLh4tK7baIowQOwTE4BS64BjVwD+qgCTB4BM/gFbxZT9aL9W59zFqXrGLmAPyB9fkDGSSYTQ==</latexit>

m�s � v� ⇠ T⇤



Scalar dark matter
-21-

<latexit sha1_base64="RkGdg/coeGL1wjYHL9w1dNyjoKI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBosggiURXwuRghuXVewD2hgm02k7dGYSZiZCCPFX3LhQxK0f4s6/cdpmoa0HLhzOuZd77wkiRpV2nG+rsLC4tLxSXC2trW9sbtnbO00VxhKTBg5ZKNsBUoRRQRqaakbakSSIB4y0gtH12G89EqloKO51EhGPo4GgfYqRNpJvl7mfdvGQ+iq7vHtIj9zMP/TtilN1JoDzxM1JBeSo+/ZXtxfimBOhMUNKdVwn0l6KpKaYkazUjRWJEB6hAekYKhAnyksnx2dw3yg92A+lKaHhRP09kSKuVMID08mRHqpZbyz+53Vi3b/wUiqiWBOBp4v6MYM6hOMkYI9KgjVLDEFYUnMrxEMkEdYmr5IJwZ19eZ40j6vuWfX09qRSu8rjKIJdsAcOgAvOQQ3cgDpoAAwS8AxewZv1ZL1Y79bHtLVg5TNl8AfW5w8M4pRg</latexit>

m�s < R�1
⇤

Multiple bubbles 
in the Fourier 

analysis needed.

Bare DM mass is small: 
higher order corrections

Lyman-𝜶 
bounds

on hot DM 

<latexit sha1_base64="UiOGo3jurlbjpXYSOG4FA8lzl9A=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr41ScOOygn1gO5RMJm1DM5khuSOUoX/hxoUibv0bd/6NaTsLrR4IHM45l9x7gkQKg6775RSWlldW14rrpY3Nre2d8u5e08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwupn6rUeujYjVPY4T7kd0oERfMIpWeuhKGw1pz1z1yhW36s5A/hIvJxXIUe+VP7thzNKIK2SSGtPx3AT9jGoUTPJJqZsanlA2ogPesVTRiBs/m208IUdWCUk/1vYpJDP150RGI2PGUWCTEcWhWfSm4n9eJ8X+pZ8JlaTIFZt/1E8lwZhMzyeh0JyhHFtCmRZ2V8KGVFOGtqSSLcFbPPkvaZ5UvfPq2d1ppXad11GEAziEY/DgAmpwC3VoAAMFT/ACr45xnp03530eLTj5zD78gvPxDVHpkLA=</latexit>

�s =

<latexit sha1_base64="zAdIdcIi1yLpm9x5rtb1eAAMgV4=">AAACHXicbVA7T8MwGHR4lvIKMLJYVEhMVVKVxwKqxMLAUCT6kJo0chynseo8ZDtIVZQ/wsJfYWEAIQYWxL/BaTNAy0mWTnf32f7OTRgV0jC+taXlldW19cpGdXNre2dX39vvijjlmHRwzGLed5EgjEakI6lkpJ9wgkKXkZ47vi783gPhgsbRvZwkxA7RKKI+xUgqydGbmYURg7e5o0hAHZFfWj5HOLOYusRDSsiauZUEdNiARWLYcISj14y6MQVcJGZJaqBE29E/LS/GaUgiiRkSYmAaibQzxCXFjORVKxUkQXiMRmSgaIRCIuxsul0Oj5XiQT/m6kQSTtXfExkKhZiErkqGSAZi3ivE/7xBKv0LO6NRkkoS4dlDfsqgjGFRFfQoJ1iyiSIIc6r+CnGAVDlSFVpVJZjzKy+SbqNuntVP75q11lVZRwUcgiNwAkxwDlrgBrRBB2DwCJ7BK3jTnrQX7V37mEWXtHLmAPyB9vUDHQSiiQ==</latexit>

L�s =
�s

4
�2�2

s

Portal for scalar DM:

<latexit sha1_base64="WKdyp5ESRNU1c/5u8D8B+q5KE/A=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgZBLMKu70oCKlhGMQ/IrsvsZJIMmX0wc1cIS0obf8XGQhFbP8HOv3GSbKGJBwYO55zLnXv8WHAFlvVt5GZm5+YX8ouFpeWV1TVzfaOmokRSVqWRiGTDJ4oJHrIqcBCsEUtGAl+wut+7GPr1ByYVj8I76MfMDUgn5G1OCWjJM7evvNShXe6pgdMBnQvw7f2ht+9cMgEE1zyzaJWsEfA0sT NSRBkqnvnltCKaBCwEKohSTduKwU2JBE4FGxScRLGY0B7psKamIQmYctPRIQO8q5UWbkdSvxDwSP09kZJAqX7g62RAoKsmvaH4n9dMoH3mpjyME2AhHS9qJwJDhIet4BaXjILoa0Ko5PqvmHaJJBR0dwVdgj158jSpHZTsk9LxzVGxfJ7VkUdbaAftIRudojK6RhVURRQ9omf0it6MJ+PFeDc+xtGckc1soj8wPn8AtROZHw==</latexit>

E�s & R3
⇤�V



GWs from bubble collisions
-22-

GW spectrum:

[K. Schmitz, 2020]

Peak frequency:

<latexit sha1_base64="rfcJnTY+nkbi+Hul+po2MjMc6KI=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIL1xIwY3LCvYBnWHIpGkbmmRCkhHLML/ixoUibv0Rd/6NaTsLbT1w4XDOvcm9J5aMauN5305pZXVtfaO8Wdna3tndc/erbZ2kCpMWTliiujHShFFBWoYaRrpSEcRjRjrx+Hbqdx6J0jQRD2YiScjRUNABxchYKXKrwRhJiaIsUBza51h+Hbk1r+7NAJeJX5AaKNCM3K+gn+CUE2EwQ1r3fE+aMEPKUMxIXglSTSTCYzQkPUsF4kSH2Wz3HB5bpQ8HibIlDJypvycyxLWe8Nh2cmRGetGbiv95vdQMrsKMCpkaIvD8o0HKoEngNAjYp4pgwyaWIKyo3RXiEVIIGxtXxYbgL568TNqndf+ifn5/VmvcFHGUwSE4AifAB5egAe5AE7QABk/gGbyCNyd3Xpx352PeWnKKmQPwB87nD/ZvlGQ=</latexit>coll : efficiency parameters

Bubble wall energy is 
released to GWs.

i) Bubble collision

ii) Plasma friction

sound waves
turbulences

<latexit sha1_base64="Z7r5hAGhrtM95gr2aRVdyA2CwuM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr5MUvHisYG2hCWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDv1209cG5GoBxynPIjpQIlIMIpWavuhGAz8vFetuXV3BrJMvILUoECzV/3y+wnLYq6QSWpM13NTDHKqUTDJJxU/MzylbEQHvGupojE3QT47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0XWQC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t5l/eL+vNa4KeIowxEcwyl4cAUNuIMmtIDBCJ7hFd6c1Hlx3p2PeWvJKWYO4Q+czx9Va4+S</latexit>⇢

DM vs GW



Fermion dark matter
-23-

<latexit sha1_base64="+gcnXwMn0nSYP5GMqNgt0yDdicI="></latexit>

yf =
v�
⇤f

, ⇤f < m�f , v�

EFT for fermion DM:<latexit sha1_base64="LQ4fjFrOy70dtICKyj61fCnCCEI=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgqiTia6MU3LisYB/QhjKZTtqhM5MwMxFC6C+4caGIW3/InX/jpM1CWw9cOJxzL/feE8ScaeO6305pZXVtfaO8Wdna3tndq+4ftHWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJne533miSrNIPpo0pr7AI8lCRrDJpXQQ3gyqNbfuzoCWiVeQGhRoDqpf/WFEEkGlIRxr3fPc2PgZVoYRTqeVfqJpjMkEj2jPUokF1X42u3WKTqwyRGGkbEmDZurviQwLrVMR2E6BzVgvern4n9dLTHjtZ0zGiaGSzBeFCUcmQvnjaMgUJYanlmCimL0VkTFWmBgbT8WG4C2+vEzaZ3Xvsn7xcF5r3BZxlOEIjuEUPLiCBtxDE1pAYAzP8ApvjnBenHfnY95acoqZQ/gD5/MH4jCOIw==</latexit>yf =

<latexit sha1_base64="ujYNfEp9LG/lj37ICdsDrDX4eFc=">AAACGXicbVDLSsNAFJ34rPUVdelmsAguSknE10YpuHHhooJ9QBPCZDrTDJ08mJkIIeQ33Pgrblwo4lJX/o3TNgttPXC5h3PuZeYeP+FMKsv6NhYWl5ZXVitr1fWNza1tc2e3I+NUYNLGMY9Fz0eScBaRtmKKk14iCAp9Trr+6Hrsdx+IkCyO7lWWEDdEw4hRhpHSkmdauYMRh7eFlzsihITS4jLzqJMEzKnD3PGRcHDACi3p5tG6Z9ashjUBnCd2SWqgRMszP51BjNOQRApzJGXfthLl5kgohjkpqk4qSYLwCA1JX9MIhUS6+eSyAh5qZQBpLHRFCk7U3xs5CqXMQl9PhkgFctYbi/95/VTRCzdnUZIqEuHpQzTlUMVwHBMcMEGw4pkmCAum/wpxgATCSodZ1SHYsyfPk85xwz5rnN6d1JpXZRwVsA8OwBGwwTloghvQAm2AwSN4Bq/gzXgyXox342M6umCUO3vgD4yvH1g2oIM=</latexit>

Le↵ = yf� �̄f�f ,

<latexit sha1_base64="GAuo5IYeq4ncDE1Jwvt08bv48xg="></latexit>

L�f =
1

⇤f
�2�̄f�f

Hot DM, rethermalization, 
freeze-in bounds are not 
shown: UV-dependent.

Bare DM mass is small: 
higher order corrections

<latexit sha1_base64="++nX/Qef+Q0Z7L9a8f2PscWgBxM=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgZBLMKu70oCKlhGMQ/IxmV2MpsMmX0wc1cIS0obf8XGQhFbP8HOv3GSbKGJBwYO55zLnXu8WHAFlvVt5GZm5+YX8ouFpeWV1TVzfaOmokRSVqWRiGTDI4oJHrIqcBCsEUtGAk+wute7GPr1ByYVj8I76MesFZBOyH1OCWjJNbev3NShXe76A6cDOhfg2/tDd9+5ZAIIrrlm0SpZI+BpYmekiDJUXPPLaUc0CVgIVBClmrYVQyslEjgVbFBwEsViQnukw5qahiRgqpWODhngXa20sR9J/ULAI/X3REoCpfqBp5MBga6a9Ibif14zAf+slfIwToCFdLzITwSGCA9bwW0uGQXR14RQyfVfMe0SSSjo7gq6BHvy5GlSOyjZJ6Xjm6Ni+TyrI4+20A7aQzY6RWV0jSqoiih6RM/oFb0ZT8aL8W58jKM5I5vZRH9gfP4AoEGZEg==</latexit>

E�f & R3
⇤�V



Vector dark matter 
and gauge choices



Vector dark matter
Vector DM

-24-

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V

<latexit sha1_base64="i0A6G8WMvcqR43y1YWt4s2TSvG8=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyUpvlZScOOygn1AE8NkOmmHTiZhZlKopV/ixoUibv0Ud/6N0zYLbT1w4XDOvdx7T5hyprTjfFuFtfWNza3idmlnd2+/bB8ctlSSSUKbJOGJ7IRYUc4EbWqmOe2kkuI45LQdDm9nfntEpWKJeNDjlPox7gsWMYK1kQK77CkWo/5jDY0CLx2wwK44VWcOtErcnFQgRyOwv7xeQrKYCk04VqrrOqn2J1hqRjidlrxM0RSTIe7TrqECx1T5k/nhU3RqlB6KEmlKaDRXf09McKzUOA5NZ4z1QC17M/E/r5vp6NqfMJFmmgqyWBRlHOkEzVJAPSYp0XxsCCaSmVsRGWCJiTZZlUwI7vLLq6RVq7qX1Yv780r9Jo+jCMdwAmfgwhXU4Q4a0AQCGTzDK7xZT9aL9W59LFoLVj5zBH9gff4A3qOSlQ==</latexit>

⇠ g2v�
<latexit sha1_base64="+DFA5ZETMnQmfyYKdxUtqJ3eNXM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKewGXycJePEYwTwgWcPsZDYZMjO7zswKYclPePGgiFd/x5t/42SzB00saCiquunuCmLOtHHdb6ewsrq2vlHcLG1t7+zulfcPWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45uZ336iSrNI3ptJTH2Bh5KFjGBjpU5PM4GGD7V+ueJW3QxomXg5qUCORr/81RtEJBFUGsKx1l3PjY2fYmUY4XRa6iWaxpiM8ZB2LZVYUO2n2b1TdGKVAQojZUsalKm/J1IstJ6IwHYKbEZ60ZuJ/3ndxIRXfspknBgqyXxRmHBkIjR7Hg2YosTwiSWYKGZvRWSEFSbGRlSyIXiLLy+TVq3qXVTP784q9es8jiIcwTGcggeXUIdbaEATCHB4hld4cx6dF+fd+Zi3Fpx85hD+wPn8AWSJj4w=</latexit>

⇠ g2

<latexit sha1_base64="BPuzVTkFmt8484NR5AmcH99YnDU=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2Wm+FpJwY3LCnZa6EyHTJppQ5PMkGSEMhT8FTcuFHHrd7jzb0zbWWjrgXs5nHMvuTlRyqjSjvNtlVZW19Y3ypuVre2d3T17/8BTSSYxaeGEJbITIUUYFaSlqWakk0qCeMRIOxrdTv32I5GKJuJBj1MScDQQNKYYaSOF9tGgV/fTIe3VoRf6PINez/TQrjo1Zwa4TNyCVEGBZmh/+f0EZ5wIjRlSqus6qQ5yJDXFjEwqfqZIivAIDUjXUIE4UUE+O38CT43Sh3EiTQkNZ+rvjRxxpcY8MpMc6aFa9Kbif1430/F1kFORZpoIPH8ozhjUCZxmAftUEqzZ2BCEJTW3QjxEEmFtEquYENzFLy8Tr15zL2sX9+fVxk0RRxkcgxNwBlxwBRrgDjRBC2CQg2fwCt6sJ+vFerc+5qMlq9g5BH9gff4A4ROUzA==</latexit>

g2�2VµV
µ

<latexit sha1_base64="cMZZGzKdwRdg1gP1ALAbPGlvl7A=">AAACDnicbZBNS8MwGMdTX+d8q3r0EhyDiTDa4dtJBl48TnDdYO1KmmVbWNKWJB2Msk/gxa/ixYMiXj1789uYbj3o5gMJP/7/5yF5/kHMqFSW9W2srK6tb2wWtorbO7t7++bBoSOjRGDSxBGLRDtAkjAakqaiipF2LAjiASOtYHSb+a0xEZJG4YOaxMTjaBDSPsVIack3y4NuDVbGvhsP6VnqBkhkND3VquO7PIFOV9++WbKq1qzgMtg5lEBeDd/8cnsRTjgJFWZIyo5txcpLkVAUMzItuokkMcIjNCAdjSHiRHrpbJ0pLGulB/uR0CdUcKb+nkgRl3LCA93JkRrKRS8T//M6iepfeykN40SREM8f6icMqghm2cAeFQQrNtGAsKD6rxAPkUBY6QSLOgR7ceVlcGpV+7J6cX9eqt/kcRTAMTgBFWCDK1AHd6ABmgCDR/AMXsGb8WS8GO/Gx7x1xchnjsCfMj5/AEqgmwM=</latexit>

g2(v� + �̄)2VµV
µ

e.g. in unitary gauge

<latexit sha1_base64="1ftEL8YPO2zjeJfmJb6T6YPkMmA=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFclUR8rUrBjcsK9gFNCJPppB06Mwkzk0IJ/Q03LhRx68+482+ctllo64ELh3Pu5d57opQzbVz321lb39jc2i7tlHf39g8OK0fHbZ1kitAWSXiiuhHWlDNJW4YZTrupolhEnHai0f3M74yp0iyRT2aS0kDggWQxI9hYyRdhu44G49BPhyysVN2aOwdaJV5BqlCgGVa+/H5CMkGlIRxr3fPc1AQ5VoYRTqdlP9M0xWSEB7RnqcSC6iCf3zxF51bpozhRtqRBc/X3RI6F1hMR2U6BzVAvezPxP6+XmfguyJlMM0MlWSyKM45MgmYBoD5TlBg+sQQTxeytiAyxwsTYmMo2BG/55VXSvqx5N7Xrx6tqo17EUYJTOIML8OAWGvAATWgBgRSe4RXenMx5cd6dj0XrmlPMnMAfOJ8/dsaRUQ==</latexit>

mV > gv� Another mechanism for vector DM mass

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V

<latexit sha1_base64="B/qDwdK6n0fxvtlS5S5zQylhacg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfdKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pl/aJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f4LGM/Q==</latexit>s
<latexit sha1_base64="vr8ayY2yHodV2ZGut0RBw8Znk+w=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/QDiWTZtrQJBOSjFiGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89keLMWN//9gorq2vrG8XN0tb2zu5eef+gaZJUE9ogCU90O8KGciZpwzLLaVtpikXEaSsa3U791iPVhiXywY4VDQUeSBYzgq2TWllXC/Q06ZUrftWfAS2TICcVyFHvlb+6/YSkgkpLODamE/jKhhnWlhFOJ6VuaqjCZIQHtOOoxIKaMJudO0EnTumjONGupEUz9fdEhoUxYxG5ToHt0Cx6U/E/r5Pa+DrMmFSppZLMF8UpRzZB099Rn2lKLB87golm7lZEhlhjYl1CJRdCsPjyMmmeVYPL6sX9eaV2k8dRhCM4hlMI4ApqcAd1aACBETzDK7x5ynvx3r2PeWvBy2cO4Q+8zx9UR4+R</latexit>x

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V

<latexit sha1_base64="vr8ayY2yHodV2ZGut0RBw8Znk+w=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr5UU3LisYB/QDiWTZtrQJBOSjFiGfoQbF4q49Xvc+Tem7Sy09cCFwzn3cu89keLMWN//9gorq2vrG8XN0tb2zu5eef+gaZJUE9ogCU90O8KGciZpwzLLaVtpikXEaSsa3U791iPVhiXywY4VDQUeSBYzgq2TWllXC/Q06ZUrftWfAS2TICcVyFHvlb+6/YSkgkpLODamE/jKhhnWlhFOJ6VuaqjCZIQHtOOoxIKaMJudO0EnTumjONGupEUz9fdEhoUxYxG5ToHt0Cx6U/E/r5Pa+DrMmFSppZLMF8UpRzZB099Rn2lKLB87golm7lZEhlhjYl1CJRdCsPjyMmmeVYPL6sX9eaV2k8dRhCM4hlMI4ApqcAd1aACBETzDK7x5ynvx3r2PeWvBy2cO4Q+8zx9UR4+R</latexit>x

<latexit sha1_base64="B/qDwdK6n0fxvtlS5S5zQylhacg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfdKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pl/aJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f4LGM/Q==</latexit>s
<latexit sha1_base64="B/qDwdK6n0fxvtlS5S5zQylhacg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfdKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pl/aJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f4LGM/Q==</latexit>s

e.g. mixing with extra Higgs     induces effective interactions.

<latexit sha1_base64="6zaKRWGOOruJZx8MAi34f8RtNtE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVZLiayUFNy4r2Ac0MUymk3boTBJmbgq1FH/FjQtF3Pof7vwbp20W2nrgwuGce7n3njAVXIPjfFtLyyura+uFjeLm1vbOrr2339BJpiir00QkqhUSzQSPWR04CNZKFSMyFKwZ9m8mfnPAlOZJfA/DlPmSdGMecUrASIF96GkucfehEmg8CLQHPQYksEtO2ZkCLxI3JyWUoxbYX14noZlkMVBBtG67Tgr+iCjgVLBx0cs0Swntky5rGxoTybQ/ml4/xidG6eAoUaZiwFP198SISK2HMjSdkkBPz3sT8T+vnUF05Y94nGbAYjpbFGUCQ4InUeAOV4yCGBpCqOLmVkx7RBEKJrCiCcGdf3mRNCpl96J8fndWql7ncRTQETpGp8hFl6iKblEN1RFFj+gZvaI368l6sd6tj1nrkpXPHKA/sD5/AOd8lOE=</latexit>

⇠ g2svs✓
<latexit sha1_base64="xNf+6+FoehUl5BZswrf9sz6jmdI=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiTF10oKblxWsA9oYphMJ+3QySTM3Cil9lPcuFDErV/izr9x2mahrQcuHM65l3vvCVPBNTjOt1VYWV1b3yhulra2d3b37PJ+SyeZoqxJE5GoTkg0E1yyJnAQrJMqRuJQsHY4vJ767QemNE/kHYxS5sekL3nEKQEjBXbZ0zzG/ftaoLEHAwYksCtO1ZkBLxM3JxWUoxHYX14voVnMJFBBtO66Tgr+mCjgVLBJycs0Swkdkj7rGipJzLQ/np0+wcdG6eEoUaYk4Jn6e2JMYq1HcWg6YwIDvehNxf+8bgbRpT/mMs2ASTpfFGUCQ4KnOeAeV4yCGBlCqOLmVkwHRBEKJq2SCcFdfHmZtGpV97x6dntaqV/lcRTRITpCJ8hFF6iOblADNRFFj+gZvaI368l6sd6tj3lrwcpnDtAfWJ8/csqTew==</latexit>

⇠ g2s✓

<latexit sha1_base64="B/qDwdK6n0fxvtlS5S5zQylhacg=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfdKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pl/aJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f4LGM/Q==</latexit>s



Gauges for vector DM

Polarization sum, 

 + ghosts, Goldstone fields with
<latexit sha1_base64="F3hfMoHsSlrBG1VhSd2NrSpw7zo=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBFclZnia6MU3LisYB/QjiWTZtrQJDMmmWIZ+h1uXCji1o9x59+YtrPQ1gOXezjnXnJzgpgzbVz321laXlldW89t5De3tnd2C3v7dR0litAaiXikmgHWlDNJa4YZTpuxolgEnDaCwc3Ebwyp0iyS92YUU1/gnmQhI9hYyRcP5av2E0O2d+qdQtEtuVOgReJlpAgZqp3CV7sbkURQaQjHWrc8NzZ+ipVhhNNxvp1oGmMywD3aslRiQbWfTo8eo2OrdFEYKVvSoKn6eyPFQuuRCOykwKav572J+J/XSkx46adMxomhksweChOOTIQmCaAuU5QYPrIEE8XsrYj0scLE2JzyNgRv/suLpF4ueeels7vTYuU6iyMHh3AEJ+DBBVTgFqpQAwKP8Ayv8OYMnRfn3fmYjS452c4B/IHz+QOGw5FL</latexit>

m2 = ⇠m2
V

1) unitary gauge:
<latexit sha1_base64="otjPD0Q7eD3t0HU34UoVR6VuCzE=">AAAB9HicbVDLSgNBEJz1GeMr6tHLYBA8SNgVXycJePEYwTwgu4TZyWwyZHZmnekNhiXf4cWDIl79GG/+jZNkD5pY0FBUddPdFSaCG3Ddb2dpeWV1bb2wUdzc2t7ZLe3tN4xKNWV1qoTSrZAYJrhkdeAgWCvRjMShYM1wcDvxm0OmDVfyAUYJC2LSkzzilICVAv+J+6B8LiMYnXZKZbfiToEXiZeTMspR65S+/K6iacwkUEGMaXtuAkFGNHAq2Ljop4YlhA5Ij7UtlSRmJsimR4/xsVW6OFLalgQ8VX9PZCQ2ZhSHtjMm0Dfz3kT8z2unEF0HGZdJCkzS2aIoFRgUniSAu1wzCmJkCaGa21sx7RNNKNicijYEb/7lRdI4q3iXlYv783L1Jo+jgA7RETpBHrpCVXSHaqiOKHpEz+gVvTlD58V5dz5mrUtOPnOA/sD5/AHnz5Iw</latexit>

⇠ ! 1,

2) Feynman-’t Hooft gauge:
<latexit sha1_base64="S6LDRokIhUP8TFXi9XCIXcxDRqw=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgQcKu+LooAS8eI5gHJEuYnUySIbOzy0yvGJZ8hBcPinj1e7z5N06SPWhiQUNR1U13VxBLYdB1v53c0vLK6lp+vbCxubW9U9zdq5so0YzXWCQj3Qyo4VIoXkOBkjdjzWkYSN4IhrcTv/HItRGResBRzP2Q9pXoCUbRSo32k7j2TkinWHLL7hRkkXgZKUGGaqf41e5GLAm5QiapMS3PjdFPqUbBJB8X2onhMWVD2uctSxUNufHT6bljcmSVLulF2pZCMlV/T6Q0NGYUBrYzpDgw895E/M9rJdi78lOh4gS5YrNFvUQSjMjkd9IVmjOUI0so08LeStiAasrQJlSwIXjzLy+S+mnZuyif35+VKjdZHHk4gEM4Bg8uoQJ3UIUaMBjCM7zCmxM7L8678zFrzTnZzD78gfP5AxHcjr0=</latexit>

⇠ = 1,

 + ghosts, Goldstone fields with
<latexit sha1_base64="W7RhkSItu9rjNsP6Mipo8+JSRgA=">AAAB+nicbVC7TsMwFHXKq5RXCiOLRYXEVCUVrwVUiQHGItGH1IbIcd3Wqu1EtgOqQj+FhQGEWPkSNv4GJ80ALUfy1dE59+penyBiVGnH+bYKS8srq2vF9dLG5tb2jl3ebakwlpg0cchC2QmQIowK0tRUM9KJJEE8YKQdjK9Sv/1ApKKhuNOTiHgcDQUdUIy0kXy7zO9rPr5I63VWW75dcapOBrhI3JxUQI6Gb3/1+iGOOREaM6RU13Ui7SVIaooZmZZ6sSIRwmM0JF1DBeJEeUl2+hQeGqUPB6E0T2iYqb8nEsSVmvDAdHKkR2reS8X/vG6sB+deQkUUayLwbNEgZlCHMM0B9qkkWLOJIQhLam6FeIQkwtqkVTIhuPNfXiStWtU9rZ7cHlfql3kcRbAPDsARcMEZqIMb0ABNgMEjeAav4M16sl6sd+tj1lqw8pk98AfW5w+SrpLp</latexit>

m2
c = m2

G = m2
V

still negative p2 ?

[A. Falkowski, J.M. No, 2012]

-25-Production of on-shell gauge bosons:

<latexit sha1_base64="TbOWmEj+5f2Pxttu8Rz5HscLKjw="></latexit>

|M̄(�⇤
p ! V V )|2 ⇠ g2

4m2
V

p4
<latexit sha1_base64="b7dYAy1pdpLJUCarfAEm73x45Us=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgoJSneVlJw47KCvUCThsl0kg6dJMPMRCihG1/FjQtF3PoY7nwbp2kW2vrDwMd/zuHM+X3OqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCOTVGDSxglLRM9HkjAak7aiipEeFwRFPiNdf3w7q3cfiZA0iR/UhBM3QmFMA4qR0pZnHvFBwwlDGA0ansNHtJZTp+aZVatu5YLLYBdQBYVanvnlDBOcRiRWmCEp+7bFlZshoShmZFpxUkk4wmMUkr7GGEVEull+wBSeamcIg0ToFyuYu78nMhRJOYl83RkhNZKLtZn5X62fquDazWjMU0ViPF8UpAyqBM7SgEMqCFZsogFhQfVfIR4hgbDSmVV0CPbiycvQadTty/rF/Xm1eVPEUQbH4AScARtcgSa4Ay3QBhhMwTN4BW/Gk/FivBsf89aSUcwcgj8yPn8Ab7SVBA==</latexit>

p2 � m2
�,m

2
V ,



Vector DM in R𝝃  gauge
3)       gauge:

<latexit sha1_base64="6MCma/VoD+Ha+iXFFvp4rx5DCAM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr5MUvHisYtpCG8pmO22XbjZhdyOW0N/gxYMiXv1B3vw3btsctPpg4PHeDDPzwkRwbVz3yyksLa+srhXXSxubW9s75d29ho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR9dRvPqDSPJb3ZpxgENGB5H3OqLGSf9ftPPJuueJW3RnIX+LlpAI56t3yZ6cXszRCaZigWrc9NzFBRpXhTOCk1Ek1JpSN6ADblkoaoQ6y2bETcmSVHunHypY0ZKb+nMhopPU4Cm1nRM1QL3pT8T+vnZr+ZZBxmaQGJZsv6qeCmJhMPyc9rpAZMbaEMsXtrYQNqaLM2HxKNgRv8eW/pHFS9c6rZ7enldpVHkcRDuAQjsGDC6jBDdTBBwYcnuAFXh3pPDtvzvu8teDkM/vwC87HN7Z7jqA=</latexit>

R⇠
<latexit sha1_base64="djYRIvmO4EukCxp66iGuPKOE5WA="></latexit>

|M̄(�⇤
p ! V V )|2 = (gmV )

2

✓
2 +

1

4m4
V

(p2 � 2m2
V )

2

◆s

1� 4m2
V

p2

<latexit sha1_base64="4oklEhqFS3hTmEg0kMemLnpag6A=">AAACCHicbZC7TsMwFIYdrqXcAowMWFRITFVScVuKKjHAWCR6kZoQOa7TWnWcYDuIKurIwquwMIAQK4/AxtvgtBmg5Ui2Pv3/ObLP78eMSmVZ38bc/MLi0nJhpbi6tr6xaW5tN2WUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlDy4yv3VPhKQRv1HDmLgh6nEaUIyUljxzL7yteLia3ZdV54HCjJoOJ3cT8sySVbbGBWfBzqEE8qp75pfTjXASEq4wQ1J2bCtWboqEopiRUdFJJIkRHqAe6WjkKCTSTceLjOCBVrowiIQ+XMGx+nsiRaGUw9DXnSFSfTntZeJ/XidRwZmbUh4ninA8eShIGFQRzFKBXSoIVmyoAWFB9V8h7iOBsNLZFXUI9vTKs9CslO2T8vH1Ual2nsdRALtgHxwCG5yCGrgCddAAGDyCZ/AK3own48V4Nz4mrXNGPrMD/pTx+QNTwphE</latexit>

m2
c = m2

G = ⇠m2
V 6= m2

V

<latexit sha1_base64="bFodPF+cJZpuvi0xlnn4aVzkW60="></latexit>

+
g2

4m2
V

(�p2 +m2
�)(p

2 +m2
�)

s

1� 4⇠m2
V

p2

“gauge-independent”

“gauge-dependent”: nonzero of off-shell scalar

Fried-Yennie gauge:   <latexit sha1_base64="w/srQ/wsueTBrI6+QTA9wcdcfdU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqez6fVEKXjxWcNtCu5Rsmm1Ds9klyYpl6W/w4kERr/4gb/4b03YP2vpg4PHeDDPzgkRwbRznGxWWlldW14rrpY3Nre2d8u5eQ8eposyjsYhVKyCaCS6ZZ7gRrJUoRqJAsGYwvJ34zUemNI/lgxklzI9IX/KQU2Ks5HWe+PVpt1xxqs4UeJG4OalAjnq3/NXpxTSNmDRUEK3brpMYPyPKcCrYuNRJNUsIHZI+a1sqScS0n02PHeMjq/RwGCtb0uCp+nsiI5HWoyiwnRExAz3vTcT/vHZqwis/4zJJDZN0tihMBTYxnnyOe1wxasTIEkIVt7diOiCKUGPzKdkQ3PmXF0njpOpeVM/vzyq1mzyOIhzAIRyDC5dQgzuogwcUODzDK7whiV7QO/qYtRZQPrMPf4A+fwBUSY5f</latexit>

⇠ = 3 no      or      terms!
<latexit sha1_base64="IQ9+P9jSz+neuNgk0ttEi2DomwI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGXycJePEY0TwgWcPspJMMmZ1dZmaFsOQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGN1O/+YRK80g+mHGMfkgHkvc5o8ZK9/FjpVssuWV3BrJMvIyUIEOtW/zq9CKWhCgNE1TrtufGxk+pMpwJnBQ6icaYshEdYNtSSUPUfjo7dUJOrNIj/UjZkobM1N8TKQ21HoeB7QypGepFbyr+57UT07/yUy7jxKBk80X9RBATkenfpMcVMiPGllCmuL2VsCFVlBmbTsGG4C2+vEwalbJ3UT6/OytVr7M48nAEx3AKHlxCFW6hBnVgMIBneIU3RzgvzrvzMW/NOdnMIfyB8/kDAYuNng==</latexit>

p2
<latexit sha1_base64="H4yI1/PdRwnUanj94IaGWb4XvUg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfJwk4MVjRPOAZA2zk04yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3Uz95hMqzSP5YMYx+iEdSN7njBor3cePlW6x5JbdGcgy8TJSggy1bvGr04tYEqI0TFCt254bGz+lynAmcFLoJBpjykZ0gG1LJQ1R++ns1Ak5sUqP9CNlSxoyU39PpDTUehwGtjOkZqgXvan4n9dOTP/KT7mME4OSzRf1E0FMRKZ/kx5XyIwYW0KZ4vZWwoZUUWZsOgUbgrf48jJpnJW9i/L5XaVUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPBJONoA==</latexit>

p4

-26-

[G. Giudice et al, 2024]

cf.  [J. Papavasilliou, A. 
Pilfatsis et al, 1997]

<latexit sha1_base64="IVNLq9LgzCqwyPMpKIDbNeUwLqM=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5idzCZjZmeXmV4hLPkCLx4U8eonefNvnCR70MSChqKqm+6uIJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U391hPXRsTqAccJ9yM6UCIUjKKV6tgrld2KOwNZJl5OypCj1it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduiEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMbPxMqSZErNl8UppJgTKZfk77QnKEcW0KZFvZWwoZUU4Y2m6INwVt8eZk0zyveVeWyflGu3uZxFOAYTuAMPLiGKtxDDRrAgMMzvMKb8+i8OO/Ox7x1xclnjuAPnM8f4jWM/g==</latexit>

t

<latexit sha1_base64="TyuhPTR01GZiFu1chMSS5uHbdGI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMYB6QLGF2MpsMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVA44T7kd0oEQoGEUrtbNuQDXBSa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZvRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmT5P+kJzhnJsCWVa2FsJG1JNGdqISjYEb/HlZdI8q3qX1Yv780rtJo+jCEdwDKfgwRXU4A7q0AAGEp7hFd6cR+fFeXc+5q0FJ585hD9wPn8A+AeP7Q==</latexit>

t̄

<latexit sha1_base64="IVNLq9LgzCqwyPMpKIDbNeUwLqM=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5idzCZjZmeXmV4hLPkCLx4U8eonefNvnCR70MSChqKqm+6uIJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3U391hPXRsTqAccJ9yM6UCIUjKKV6tgrld2KOwNZJl5OypCj1it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduiEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMbPxMqSZErNl8UppJgTKZfk77QnKEcW0KZFvZWwoZUU4Y2m6INwVt8eZk0zyveVeWyflGu3uZxFOAYTuAMPLiGKtxDDRrAgMMzvMKb8+i8OO/Ox7x1xclnjuAPnM8f4jWM/g==</latexit>

t

<latexit sha1_base64="TyuhPTR01GZiFu1chMSS5uHbdGI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMYB6QLGF2MpsMmZ1dZ3qFsOQnvHhQxKu/482/cZLsQRMLGoqqbrq7gkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVA44T7kd0oEQoGEUrtbNuQDXBSa9ccavuDGSZeDmpQI56r/zV7ccsjbhCJqkxHc9N0M+oRsEkn5S6qeEJZSM64B1LFY248bPZvRNyYpU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmT5P+kJzhnJsCWVa2FsJG1JNGdqISjYEb/HlZdI8q3qX1Yv780rtJo+jCEdwDKfgwRXU4A7q0AAGEp7hFd6cR+fFeXc+5q0FJ585hD9wPn8A+AeP7Q==</latexit>

t̄

<latexit sha1_base64="0rVmS5pofGuJgO2xoJkt6AFBQpw=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSfdgrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ANAFjPI=</latexit>

h

off-shell Higgs self-energy: gauge-dependent

+ vertex, box diagrams



Problem in unitary gauge

<latexit sha1_base64="iojzj/nd+P1NaRhuzGVlTmfNHgU=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgLkpSfOFCCm5cVrAPaGKYTKft0MkkzEyEGvolblwo4tZPceffOG2z0NYDFw7n3Mu994QJZ0o7zre1tLyyurZe2Chubm3vlOzdvaaKU0log8Q8lu0QK8qZoA3NNKftRFIchZy2wuHNxG89UqlYLO71KKF+hPuC9RjB2kiBXfKSAXs4CRJPx6javArsslNxpkCLxM1JGXLUA/vL68YkjajQhGOlOq6TaD/DUjPC6bjopYommAxxn3YMFTiiys+mh4/RkVG6qBdLU0Kjqfp7IsORUqMoNJ0R1gM1703E/7xOqnuXfsZEkmoqyGxRL+XIPDlJAXWZpETzkSGYSGZuRWSAJSbaZFU0IbjzLy+SZrXinlfO7k7Ltes8jgIcwCEcgwsXUINbqEMDCKTwDK/wZj1ZL9a79TFrXbLymX34A+vzB4o9klw=</latexit>

�⇤
p ! 2V :

<latexit sha1_base64="KhNrpm/e05e4RKsteUyRWhZl94s=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgLkoi9YELKbhxWcE+oIlhMp20QyeTMDMRauiXuHGhiFs/xZ1/4/Sx0NYDFw7n3Mu994QpZ0o7zre1tLyyurZe2Chubm3vlOzdvaZKMklogyQ8ke0QK8qZoA3NNKftVFIch5y2wsHN2G89UqlYIu71MKV+jHuCRYxgbaTALnlpnz2cBKmnE1RtXgV22ak4E6BF4s5IGWaoB/aX101IFlOhCcdKdVwn1X6OpWaE01HRyxRNMRngHu0YKnBMlZ9PDh+hI6N0UZRIU0Kjifp7IsexUsM4NJ0x1n01743F/7xOpqNLP2cizTQVZLooyjgyT45TQF0mKdF8aAgmkplbEeljiYk2WRVNCO78y4ukeVpxzytnd9Vy7XoWRwEO4BCOwYULqMEt1KEBBDJ4hld4s56sF+vd+pi2LlmzmX34A+vzB41Jkl4=</latexit>

�⇤
p ! 4V :

4-body process “grows faster” with large momentum.

Processes with higher vector boson multiplicity 
grows even faster with large momentum.

<latexit sha1_base64="TbOWmEj+5f2Pxttu8Rz5HscLKjw="></latexit>

|M̄(�⇤
p ! V V )|2 ⇠ g2

4m2
V

p4

Breakdown of perturbative expansion!

<latexit sha1_base64="b7dYAy1pdpLJUCarfAEm73x45Us=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIrgoJSneVlJw47KCvUCThsl0kg6dJMPMRCihG1/FjQtF3PoY7nwbp2kW2vrDwMd/zuHM+X3OqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCOTVGDSxglLRM9HkjAak7aiipEeFwRFPiNdf3w7q3cfiZA0iR/UhBM3QmFMA4qR0pZnHvFBwwlDGA0ansNHtJZTp+aZVatu5YLLYBdQBYVanvnlDBOcRiRWmCEp+7bFlZshoShmZFpxUkk4wmMUkr7GGEVEull+wBSeamcIg0ToFyuYu78nMhRJOYl83RkhNZKLtZn5X62fquDazWjMU0ViPF8UpAyqBM7SgEMqCFZsogFhQfVfIR4hgbDSmVV0CPbiycvQadTty/rF/Xm1eVPEUQbH4AScARtcgSa4Ay3QBhhMwTN4BW/Gk/FivBsf89aSUcwcgj8yPn8Ab7SVBA==</latexit>

p2 � m2
�,m

2
V , in unitary gauge.

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V
<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V
<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V
<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V
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2-body

4-body



Goldstone equivalence
Goldstone Equivalence Theorem:   

Physical processes with longitudinal modes at high energy:  

<latexit sha1_base64="Gqoiky/Rb3kNMCv2zkNT3kqIjac=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEVCWI1wKqxAADQ5HoQ2pC5LhOa9V2IttBqqLsLPwKCwMIsfIDbPwN7mOAliNd6fice+V7T5gwqrTjfFuFhcWl5ZXiamltfWNzy97eaao4lZg0cMxi2Q6RIowK0tBUM9JOJEE8ZKQVDi5HfuuBSEVjcaeHCfE56gkaUYy0kQK77JFEURaLe4+nwQ30IolwlgTmlWc8aObnV4FdcarOGHCeuFNSAVPUA/vL68Y45URozJBSHddJtJ8hqSlmJC95qSIJwgPUIx1DBeJE+dn4lhzuG6ULo1iaEhqO1d8TGeJKDXloOjnSfTXrjcT/vE6qozM/oyJJNRF48lGUMqhjOAoGdqkkWLOhIQhLanaFuI9MGtrEVzIhuLMnz5PmYdU9qR7fHlVqF9M4imAPlMEBcMEpqIFrUAcNgMEjeAav4M16sl6sd+tj0lqwpjO74A+szx+K8ptd</latexit>

✏µL
pµ
mV

= G

<latexit sha1_base64="6D5oB4cVrzmvBzJGUFSYmsFAggc="></latexit>

M̄(�;VL) = M̄(�;G) +O

⇣m2
V

p2

⌘
[B. W. Lee et al, 1977]

(Goldstone)
-28-

(i) TT:
<latexit sha1_base64="4JkY0z4OdNCCCQ3cHxii8s9I7hI=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFcSEmCr5UU3LgRKtgHNGmYTKft0JkkzEyEkmbnxl9x40IRt/6CO//GaZuFth64cDjnXu69J4gZlcqyvo2FxaXlldXCWnF9Y3Nr29zZrcsoEZjUcMQi0QyQJIyGpKaoYqQZC4J4wEgjGFyP/cYDEZJG4b0axsTjqBfSLsVIack3D0apGyCRuhgxeJtlo7bjSsqhw9uOXz/xzZJVtiaA88TOSQnkqPrml9uJcMJJqDBDUrZsK1ZeioSimJGs6CaSxAgPUI+0NA0RJ9JLJ39k8EgrHdiNhK5QwYn6eyJFXMohD3QnR6ovZ72x+J/XSlT30ktpGCeKhHi6qJswqCI4DgV2qCBYsaEmCAuqb4W4jwTCSkdX1CHYsy/Pk7pTts/LZ3enpcpVHkcB7INDcAxscAEq4AZUQQ1g8AiewSt4M56MF+Pd+Ji2Lhj5zB74A+PzB/U/mLQ=</latexit>

|M̄|2 ⇠ 2m2
V ,

(ii) LL:
<latexit sha1_base64="7N7iNMQ9WEQHtkuQicbXMNDKUcw=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCiJREfK2k4KIuK9gHNDFMppN26GQyzEyEGvolblwo4tZPceffOG2z0NYDFw7n3Mu994SCUaUd59sqLC2vrK4V10sbm1vbZXtnt6WSVGLSxAlLZCdEijDKSVNTzUhHSILikJF2OLyZ+O1HIhVN+L0eCeLHqM9pRDHSRgrssicG9OE4EJ5OYL1+EtgVp+pMAReJm5MKyNEI7C+vl+A0JlxjhpTquo7QfoakppiRcclLFREID1GfdA3lKCbKz6aHj+GhUXowSqQpruFU/T2RoVipURyazhjpgZr3JuJ/XjfV0ZWfUS5STTieLYpSBs2TkxRgj0qCNRsZgrCk5laIB0girE1WJROCO//yImmdVt2L6vndWaV2ncdRBPvgABwBF1yCGrgFDdAEGKTgGbyCN+vJerHerY9Za8HKZ/bAH1ifP344klQ=</latexit>

�⇤
p ! GG,

<latexit sha1_base64="p9yf4nIDblW2MU2NPE8IFafYU9w="></latexit>

|M̄|2 ⇠ �2
�v

2
� =

�2
�

g2
m2

V

(iii) TL:
<latexit sha1_base64="jFL+fw8ZXzj4HUn/4C98fjrKhSg=">AAACBHicbVBLSwMxGMzWV62vVY+9BIvQipTd4uskBQ96rNAXdNclm2bb0OxuSLJCWXrw4l/x4kERr/4Ib/4b03YPWh1IGGa+j2TG54xKZVlfRm5peWV1Lb9e2Njc2t4xd/faMk4EJi0cs1h0fSQJoxFpKaoY6XJBUOgz0vFHV1O/c0+EpHHUVGNO3BANIhpQjJSWPLPo8CG9O/K4o2LY9ppl7tmVa33XKseeWbKq1gzwL7EzUgIZGp756fRjnIQkUpghKXu2xZWbIqEoZmRScBJJOMIjNCA9TSMUEummsxATeKiVPgxioU+k4Ez9uZGiUMpx6OvJEKmhXPSm4n9eL1HBhZvSiCeKRHj+UJAwqANPG4F9KghWbKwJwoLqv0I8RAJhpXsr6BLsxch/SbtWtc+qp7cnpfplVkceFMEBKAMbnIM6uAEN0AIYPIAn8AJejUfj2Xgz3uejOSPb2Qe/YHx8A7QlljE=</latexit>

�⇤
p ! VT (p1)G(p2), <latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="w/FFx0bYT3Qi4exEUw4/9Gbh05U=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEPOgxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgHqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP54BjNE=</latexit>

G

<latexit sha1_base64="+CLFpgnnqVuAYZnQ4WJvS/lGQMI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr5MEvHiMmBckS5id9CZDZmeXmVkhLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3H1FpHsuGmSToR3QoecgZNVZ6aPUb/XLFrbpzkL/Ey0kFctT75c/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TEKgMSxsqWNGSu/pzIaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW375L2mdVb3L6sX9eaV2k8dRhCM4hlPw4ApqcAd1aAKDITzBC7w6wnl23pz3RWvByWcO4Recj28O/I2n</latexit>

VT

<latexit sha1_base64="Fhou74JEGFAfH3Iv25O2/UCxNiY=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSPemVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/3CWM+g==</latexit>p
<latexit sha1_base64="UODBokrwpNAglTo1YP4AWpdubmg=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6yQBLx4jmgckS5id9CZDZmeXmVkhLPkELx4U8eoXefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzThBP6IDyUPOqLHSQ9Kr9kplt+LOQJaJl5My5Kj3Sl/dfszSCKVhgmrd8dzE+BlVhjOBk2I31ZhQNqID7FgqaYTaz2anTsipVfokjJUtachM/T2R0UjrcRTYzoiaoV70puJ/Xic14bWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6RRuCt/jyMmlWK95l5eL+vFy7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx8DEI2f</latexit>p2

<latexit sha1_base64="U8KDmoeM3SpBIeAOMLogYH0O81s=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIVgaqk4jWhSiyMRepLakLkuE6xaieR7SBVUf+AhV9hYQAhVlY2/gY3zQAtR7J1fO65ur7HjxmVyrK+jcLC4tLySnG1tLa+sbllbu+0ZZQITFo4YpHo+kgSRkPSUlQx0o0FQdxnpOMPryf1zgMRkkZhU41i4nI0CGlAMVJa8sxDR1IO6aAS3zk8Oc5ur3bkkFhSpg2pfp80x55ZtqpWBjhP7JyUQY6GZ345/QgnnIQKMyRlz7Zi5aZIKIoZGZecRJIY4SEakJ6mIeJEumm2zxgeaKUPg0joEyqYqb87UsSlHHFfOzlS93K2NhH/q/USFVy6KQ3jRJEQTwcFCYMqgpNwYJ8KghUbaYKwoPqvEN8jgbDSEZZ0CPbsyvOkXava59Wz29Ny/SqPowj2wD6oABtcgDq4AQ3QAhg8gmfwCt6MJ+PFeDc+ptaCkffsgj8wPn8AeTWcUg==</latexit>

⇠ ig(pµ + pµ2 )✏µ,T

In rest frame for 
<latexit sha1_base64="ukkFHbuWNYss0XqBilqzW2A2jTg=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFEpMyIr5UU3LisYB/SjiWTpm1okglJRihDv8KNC0Xc+jnu/BvTdhbaeuDC4Zx7ufeeSHFmrO9/ewuLS8srq7m1/PrG5tZ2YWe3ZuJEE1olMY91I8KGciZp1TLLaUNpikXEaT0a3Iz9+hPVhsXy3g4VDQXuSdZlBFsnPbRUnz0et9VJu1D0S/4EaJ4EGSlChkq78NXqxCQRVFrCsTHNwFc2TLG2jHA6yrcSQxUmA9yjTUclFtSE6eTgETp0Sgd1Y+1KWjRRf0+kWBgzFJHrFNj2zaw3Fv/zmontXoUpkyqxVJLpom7CkY3R+HvUYZoSy4eOYKKZuxWRPtaYWJdR3oUQzL48T2qnpeCidH53VixfZ3HkYB8O4AgCuIQy3EIFqkBAwDO8wpunvRfv3fuYti542cwe/IH3+QMkKI/6</latexit>

�⇤
p,

<latexit sha1_base64="p2i4fzZ8Ct76k5OcWt3wBZRiuiI=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkWoICURXxulIILLCvYBaSiT6aQdOpkJMxOhhH6GGxeKuPVr3Pk3TtostPUMA4dz7uXee4KYUaUd59sqLC2vrK4V10sbm1vbO+XdvZYSicSkiQUTshMgRRjlpKmpZqQTS4KigJF2MLrN/PYTkYoK/qjHMfEjNOA0pBhpI3nxdfXuxMneca9ccWrOFPYicXNSgRyNXvmr2xc4iQjXmCGlPNeJtZ8iqSlmZFLqJorECI/QgHiGchQR5afTlSf2kVH6diik+VzbU/V3R4oipcZRYCojpIdq3svE/zwv0eGVn1IeJ5pwPBsUJszWws7ut/tUEqzZ2BCEJTW72niIJMLapFQyIbjzJy+S1mnNvaidP5xV6jd5HEU4gEOogguXUId7aEATMAh4hld4s7T1Yr1bH7PSgpX37MMfWJ8/PTaPRQ==</latexit>

p = (E, 0, 0, 0)
<latexit sha1_base64="DyVUx5KoCSNAyZbU/hzQ6Ll1jEk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5Rd8eskBQ96rNBuC+1Ssmm2jc0mS5IVytL/4MWDIl79P978N6btHrT6YODx3gwz88KEM21c98spLC2vrK4V10sbm1vbO+XdPV/LVBHaJJJL1Q6xppwJ2jTMcNpOFMVxyGkrHN1M/dYjVZpJ0TDjhAYxHggWMYKNlXy/1zhBt71yxa26M6C/xMtJBXLUe+XPbl+SNKbCEI617nhuYoIMK8MIp5NSN9U0wWSEB7RjqcAx1UE2u3aCjqzSR5FUtoRBM/XnRIZjrcdxaDtjbIZ60ZuK/3md1ERXQcZEkhoqyHxRlHJkJJq+jvpMUWL42BJMFLO3IjLEChNjAyrZELzFl/8S/7TqXVTP788qtes8jiIcwCEcgweXUIM7qEMTCDzAE7zAqyOdZ+fNeZ+3Fpx8Zh9+wfn4BmAojlg=</latexit>

VT , G back-to-back
<latexit sha1_base64="DT/jILZgFmwYp+8lROqxyQXPpT0=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5IUXyspuHEjVLAPaGKZTCft0JlJmJkIJY0bf8WNC0Xc+hfu/BunbRbaeuDC4Zx7ufeeIGZUacf5thYWl5ZXVgtrxfWNza1te2e3oaJEYlLHEYtkK0CKMCpIXVPNSCuWBPGAkWYwuBr7zQciFY3EnR7GxOeoJ2hIMdJG6tj7o9QLkEw9jBi8ybLRfcVTlEOnY5ecsjMBnCduTkogR61jf3ndCCecCI0ZUqrtOrH2UyQ1xYxkRS9RJEZ4gHqkbahAnCg/nXyQwSOjdGEYSVNCw4n6eyJFXKkhD0wnR7qvZr2x+J/XTnR44adUxIkmAk8XhQmDOoLjOGCXSoI1GxqCsKTmVoj7SCKsTWhFE4I7+/I8aVTK7ln59PakVL3M4yiAA3AIjoELzkEVXIMaqAMMHsEzeAVv1pP1Yr1bH9PWBSuf2QN/YH3+AAM1lpg=</latexit>

|M̄|2 ⇠ 0

: finite at large p2

<latexit sha1_base64="NTrphMk/G7YryqZQ7UXTHhvPg8o="></latexit>

|M̄|
2
⇠ m2

V

✓
2g2 +

�2
�

g2

◆✓
1 +O

⇣m2
V

p2

⌘◆
<latexit sha1_base64="FJ/NN+QnK4Vibd+52V2XmPCmfi8=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCylJ8bWSghuXFewDmjRMppN06EwSZiZCDcVfceNCEbf+hzv/xmmahbaey4XDOfcyd46fMCqVZX0bpaXlldW18nplY3Nre8fc3WvLOBWYtHDMYtH1kSSMRqSlqGKkmwiCuM9Ixx/dTP3OAxGSxtG9GifE5SiMaEAxUlryzINTJy+Y9OtOGELer3ttz6xaNSsHXCR2QaqgQNMzv5xBjFNOIoUZkrJnW4lyMyQUxYxMKk4qSYLwCIWkp2mEOJFull8/gcdaGcAgFrojBXP190aGuJRj7utJjtRQzntT8T+vl6rgys1olKSKRHj2UJAyqGI4jQIOqCBYsbEmCAuqb4V4iATCSgdW0SHY819eJO16zb6ond+dVRvXRRxlcAiOwAmwwSVogFvQBC2AwSN4Bq/gzXgyXox342M2WjKKnX3wB8bnD4V1k1k=</latexit>

, p2 � m2
V



Other processes
3-body process for vector DM:

<latexit sha1_base64="gIVxGQ06U1ws0lQ2Q3kAJZLeahI=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEcVES8baSghuXFWxaaGKYTCft0MlkmJkIodRXceNCEbc+iDvfxkmbhbb+MPDxn3OYc/5IMKq043xbS8srq2vrlY3q5tb2zq69t++pNJOYtHHKUtmNkCKMctLWVDPSFZKgJGKkE41uinrnkUhFU36vc0GCBA04jSlG2lihXfPFkD6chMLXKSwYel5o152GMxVcBLeEOijVCu0vv5/iLCFcY4aU6rmO0MEYSU0xI5OqnykiEB6hAekZ5CghKhhPl5/AI+P0YZxK87iGU/f3xBglSuVJZDoTpIdqvlaY/9V6mY6vgjHlItOE49lHccagObRIAvapJFiz3ADCkppdIR4iibA2eVVNCO78yYvgnTbci8b53Vm9eV3GUQEH4BAcAxdcgia4BS3QBhjk4Bm8gjfryXqx3q2PWeuSVc7UwB9Znz+4aZQr</latexit>

�⇤
p ! �V V

cf.  2-body process:
<latexit sha1_base64="BXnZdjB/Icp89Aw+vsSfyDXzvzA="></latexit>

Im e�(2)(p2)
���
�⇤!V V

⇠ |M̄|2
���
�⇤!V V

<latexit sha1_base64="liphHiwblzscgAiuuuLq0X8Xi4I=">AAAB9HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJr3ggJF48YiKPBBYyO8zChNnZcWaWhBC+w4sHjfHqx3jzbxxgDwpW0kmlqjvdXYHkTBvX/XYya+sbm1vZ7dzO7t7+Qf7wqK7jRBFaIzGPVTPAmnImaM0ww2lTKoqjgNNGMLyb+Y0RVZrF4tGMJfUj3BcsZAQbK/myUyqPOqVuWw7YbTdfcIvuHGiVeCkpQIpqN//V7sUkiagwhGOtW54rjT/ByjDC6TTXTjSVmAxxn7YsFTii2p/Mj56iM6v0UBgrW8Kgufp7YoIjrcdRYDsjbAZ62ZuJ/3mtxIQ3/oQJmRgqyGJRmHBkYjRLAPWYosTwsSWYKGZvRWSAFSbG5pSzIXjLL6+SeqnoXRUvHy4KlXIaRxZO4BTOwYNrqMA9VKEGBJ7gGV7hzRk5L86787FozTjpzDH8gfP5A9GnkXw=</latexit>

p2 > v2� : 3-body process dominant for vector DM!

Higher order processes for DM:
<latexit sha1_base64="RM5dZG1QCaYXEoczmRWD/w2iqwI=">AAACKnicbZDLSsNAFIYn9VbrLerSzWARREpJireVVNy4rGDTQhPDZDpph04uzEyEEvI8bnwVN10oxa0P4jQNqK0HZvj4/3OYOb8XMyqkYUy10srq2vpGebOytb2zu6fvH1giSjgmbRyxiHc9JAijIWlLKhnpxpygwGOk443uZn7nmXBBo/BRjmPiBGgQUp9iJJXk6rd2PKRPZ24au2b2w43MlhG08ZC6Yn7XYGp7iOda5vq56NegZbl61agbecFlMAuogqJarj6x+xFOAhJKzJAQPdOIpZMiLilmJKvYiSAxwiM0ID2FIQqIcNJ81QyeKKUP/YirE0qYq78nUhQIMQ481RkgORSL3kz8z+sl0r92UhrGiSQhnj/kJwyqGGa5wT7lBEs2VoAwp+qvEA8RR1iqdCsqBHNx5WWwGnXzsn7xcF5t3hRxlMEROAanwARXoAnuQQu0AQYv4A28gw/tVZtoU+1z3lrSiplD8Ke0r2/rSabu</latexit>

�⇤
p1
�⇤
p2

! �s�s, �̄f�f , V V
<latexit sha1_base64="hwYXgJB01kyL8pSN92VL21m+GZs=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoLmpSfK2k6MZlBfuApg2T6aQdOkmGmUmhhHyGG3/FjQtF3Hbn3zhpu9DWAxcO59zLvfd4nFGpLOvbyK2srq1v5DcLW9s7u3vm/kFDRrHApI4jFomWhyRhNCR1RRUjLS4ICjxGmt7wPvObIyIkjcInNeakE6B+SH2KkdKSa547fEC7Z27CXTt1JA2gc0f7JccXCCcjN3PThHcraSafdiuuWbTK1hRwmdhzUgRz1Fxz4vQiHAckVJghKdu2xVUnQUJRzEhacGJJOMJD1CdtTUMUENlJpo+l8EQrPehHQleo4FT9PZGgQMpx4OnOAKmBXPQy8T+vHSv/ppPQkMeKhHi2yI8ZVBHMUoI9KghWbKwJwoLqWyEeIJ2J0lkWdAj24svLpFEp21fly8eLYvV2HkceHIFjUAI2uAZV8ABqoA4weAav4B18GC/Gm/FpfM1ac8Z85hD8gTH5ATWVn98=</latexit>

�⇤
p1

⇠
⇣v�
p2

⌘2
Suppressed for 

<latexit sha1_base64="ABHU4rCtazIUoXVqXRjnm0l5l6M=">AAACCXicbVDLSgMxFM34rPU16tJNsAiuykzxtZKCLtwIFewDOtMhk6bT0GQmJJlCGbp146+4caGIW//AnX9j2s5CWw9cODnnXnLvCQWjSjvOt7W0vLK6tl7YKG5ube/s2nv7DZWkEpM6TlgiWyFShNGY1DXVjLSEJIiHjDTDwfXEbw6JVDSJH/RIEJ+jKKY9ipE2UmBD0al4inLIO5Ug8ySHN3djL4rg0Lw90aeBXXLKzhRwkbg5KYEctcD+8roJTjmJNWZIqbbrCO1nSGqKGRkXvVQRgfAARaRtaIw4UX42vWQMj43Shb1Emoo1nKq/JzLElRrx0HRypPtq3puI/3ntVPcu/YzGItUkxrOPeimDOoGTWGCXSoI1GxmCsKRmV4j7SCKsTXhFE4I7f/IiaVTK7nn57P60VL3K4yiAQ3AEToALLkAV3IIaqAMMHsEzeAVv1pP1Yr1bH7PWJSufOQB/YH3+AP3JmUI=</latexit>

p2 ⇠ m2
DM � v2�

-29-

<latexit sha1_base64="ktConPrHGynC3hnoDteLRY3hWBk=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahopQk1Mey6MZlBfuAJg2TyaQdOnkwMxFK6NKNv+LGhSJu/QR3/o3TNgttPTBwOOce7tzjJYwKaRjfWmFpeWV1rbhe2tjc2t7Rd/daIk45Jk0cs5h3PCQIoxFpSioZ6SScoNBjpO0NbyZ++4FwQePoXo4S4oSoH9GAYiSV5OqHtqAhTHoWrNhMxXzUs1w7GdBTq9+rnZy5etmoGlPARWLmpAxyNFz9y/ZjnIYkkpghIbqmkUgnQ1xSzMi4ZKeCJAgPUZ90FY1QSISTTQ8Zw2Ol+DCIuXqRhFP1dyJDoRCj0FOTIZIDMe9NxP+8biqDKyejUZJKEuHZoiBlUMZw0gr0KSdYspEiCHOq/grxAHGEpequpEow509eJC2ral5Uz+9q5fp1XkcRHIAjUAEmuAR1cAsaoAkweATP4BW8aU/ai/aufcxGC1qe2Qd/oH3+AMsGl+w=</latexit>

→ p2(ω2
ω + 2g4),

<latexit sha1_base64="djkO5MyuJnXfOzKfT7hdaXgXY/o=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgKewGXycJevEYwTwguwmzk9lkyOzsMDMbCCG/4cWDIl79GW/+jZNkD5pY0FBUddPdFUrOtHHdbye3tr6xuZXfLuzs7u0fFA+PGjpJFaF1kvBEtUKsKWeC1g0znLakojgOOW2Gw/uZ3xxRpVkinsxY0iDGfcEiRrCxki87ldtRp9L15YB1iyW37M6BVomXkRJkqHWLX34vIWlMhSEca932XGmCCVaGEU6nBT/VVGIyxH3atlTgmOpgMr95is6s0kNRomwJg+bq74kJjrUex6HtjLEZ6GVvJv7ntVMT3QQTJmRqqCCLRVHKkUnQLADUY4oSw8eWYKKYvRWRAVaYGBtTwYbgLb+8ShqVsndVvny8KFXvsjjycAKncA4eXEMVHqAGdSAg4Rle4c1JnRfn3flYtOacbOYY/sD5/AFRuZE8</latexit>

p2 > v2ω

<latexit sha1_base64="bPdurNzAKVYHgL5msEBkUlTOBjM="></latexit>

|M̄|2p2<v2
ω
→ v2ωg

4

(
3↑ p2

m2
V

+
p4

4m4
V

)
,

<latexit sha1_base64="0efw8VXAiINui2T5faCUmJq/lew="></latexit>

|M̄|2p2>v2
ω
→ v2ω(ω

2
ω + 2g4)

<latexit sha1_base64="M9PNBlt9jL4n6bpmugLDssRp0rI="></latexit>

Im !̃(2)(p2)
∣∣∣
ω→→ωV V

→ p2|M̄|2

<latexit sha1_base64="3o7hKbnPdVLnxEQuFtISJa68L00=">AAAB73icbVDLSgNBEOyNrxhfqx69DAZBPIRd8XWSgBePEcwDkjXMTmaTIbOz48ysEJb8hBcPinj1d7z5N06SPWhiQUNR1U13Vyg508bzvp3C0vLK6lpxvbSxubW94+7uNXSSKkLrJOGJaoVYU84ErRtmOG1JRXEcctoMhzcTv/lElWaJuDcjSYMY9wWLGMHGSq2OHLCHk67sumWv4k2BFomfkzLkqHXdr04vIWlMhSEca932PWmCDCvDCKfjUifVVGIyxH3atlTgmOogm947RkdW6aEoUbaEQVP190SGY61HcWg7Y2wGet6biP957dREV0HGhEwNFWS2KEo5MgmaPI96TFFi+MgSTBSztyIywAoTYyMq2RD8+ZcXSeO04l9Uzu/OytXrPI4iHMAhHIMPl1CFW6hBHQhweIZXeHMenRfn3fmYtRacfGYf/sD5/AG5g4/E</latexit>

�⇤
p

<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V
<latexit sha1_base64="cSEub4w3UH8pTIgbzG6yOjKR0SQ=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSvdkrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/ALS9jOA=</latexit>

V
<latexit sha1_base64="0lkezuMpET09SdRrQzUhB8sBHqo=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqicpePFYwX5AG8pmu2mW7m7C7kYooX/BiwdFvPqHvPlv3LQ5aOuDgcd7M8zMCxLOtHHdb6e0tr6xuVXeruzs7u0fVA+POjpOFaFtEvNY9QKsKWeStg0znPYSRbEIOO0Gk7vc7z5RpVksH800ob7AY8lCRrDJpUESsWG15tbdOdAq8QpSgwKtYfVrMIpJKqg0hGOt+56bGD/DyjDC6awySDVNMJngMe1bKrGg2s/mt87QmVVGKIyVLWnQXP09kWGh9VQEtlNgE+llLxf/8/qpCW/8jMkkNVSSxaIw5cjEKH8cjZiixPCpJZgoZm9FJMIKE2PjqdgQvOWXV0nnou5d1RsPl7XmbRFHGU7gFM7Bg2towj20oA0EIniGV3hzhPPivDsfi9aSU8wcwx84nz8VlI5F</latexit>

�

VDM part:



Back-reaction issue

(Elastic collisions)

<latexit sha1_base64="YGpARZh4xnpEA2jZnKeZKqyO4Mo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokxddKCm7cCBXsA5pYJtNJO3RmEmYmQkmz8VfcuFDErZ/hzr9x2mahrQcuHM65l3vvCWJGlXacb6uwtLyyulZcL21sbm3v2Lt7TRUlEpMGjlgk2wFShFFBGppqRtqxJIgHjLSC4fXEbz0SqWgk7vUoJj5HfUFDipE2Utc+GKdegCRMPYwYvM2y8UPVU5R37bJTcaaAi8TNSRnkqHftL68X4YQToTFDSnVcJ9Z+iqSmmJGs5CWKxAgPUZ90DBWIE+Wn0wcyeGyUHgwjaUpoOFV/T6SIKzXigenkSA/UvDcR//M6iQ4v/ZSKONFE4NmiMGFQR3CSBuxRSbBmI0MQltTcCvEASYS1yaxkQnDnX14kzWrFPa+c3Z2Wa1d5HEVwCI7ACXDBBaiBG1AHDYBBBp7BK3iznqwX6936mLUWrHxmH/yB9fkDiFGWXg==</latexit>

|M̄|2 ⇠

<latexit sha1_base64="Z7r5hAGhrtM95gr2aRVdyA2CwuM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr5MUvHisYG2hCWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwlQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzXiLJTLRnZAaLoXiLRQoeSfVnMah5O1wdDv1209cG5GoBxynPIjpQIlIMIpWavuhGAz8vFetuXV3BrJMvILUoECzV/3y+wnLYq6QSWpM13NTDHKqUTDJJxU/MzylbEQHvGupojE3QT47d0JOrNInUaJtKSQz9fdETmNjxnFoO2OKQ7PoTcX/vG6G0XWQC5VmyBWbL4oySTAh099JX2jOUI4toUwLeythQ6opQ5tQxYbgLb68TB7P6t5l/eL+vNa4KeIowxEcwyl4cAUNuIMmtIDBCJ7hFd6c1Hlx3p2PeWvJKWYO4Q+czx9Va4+S</latexit>⇢ <latexit sha1_base64="86iuolqirpZoVJ18EpjSCrJJ4sw=">AAAB73icbVDLSsNAFL2pr1pfUZduBotQQUpSfK2k4MZlBfuANi2T6aQdOpnEmYlQQn/CjQtF3Po77vwbp20W2nrgwuGce7n3Hj/mTGnH+bZyK6tr6xv5zcLW9s7unr1/0FBRIgmtk4hHsuVjRTkTtK6Z5rQVS4pDn9OmP7qd+s0nKhWLxIMex9QL8UCwgBGsjdQqxd3Kadc569lFp+zMgJaJm5EiZKj17K9OPyJJSIUmHCvVdp1YeymWmhFOJ4VOomiMyQgPaNtQgUOqvHR27wSdGKWPgkiaEhrN1N8TKQ6VGoe+6QyxHqpFbyr+57UTHVx7KRNxoqkg80VBwpGO0PR51GeSEs3HhmAimbkVkSGWmGgTUcGE4C6+vEwalbJ7Wb64Py9Wb7I48nAEx1ACF66gCndQgzoQ4PAMr/BmPVov1rv1MW/NWdnMIfyB9fkDVXCO2w==</latexit>

(p2)0, (scalar, 2-body)
<latexit sha1_base64="t1SxSNPbVuOQA6R//8FUyNpA68c=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hLAbfIEgAS8eI5gHJGuYncwmQ2Zn1plZISz5CS8eFPHq73jzb5wke9DEgoaiqpvuriDmTBvX/XaWlldW19ZzG/nNre2d3cLefkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGN5M/OYTVZpJcW9GMfUj3BcsZAQbK7WuUKcUP1RK3ULRLbtToEXiZaQIGWrdwlenJ0kSUWEIx1q3PTc2foqVYYTTcb6TaBpjMsR92rZU4IhqP53eO0bHVumhUCpbwqCp+nsixZHWoyiwnRE2Az3vTcT/vHZiwks/ZSJODBVktihMODISTZ5HPaYoMXxkCSaK2VsRGWCFibER5W0I3vzLi6RRKXvn5bO702L1OosjB4dwBCfgwQVU4RZqUAcCHJ7hFd6cR+fFeXc+Zq1LTjZzAH/gfP4AWtqO3w==</latexit>

; p2, (scalar, 3-body)
<latexit sha1_base64="4Jt6F+kNHNdcEwDjagAg2v0Ph14=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgQcJu8HWSgBePEcwDkjXMTmaTITOzy8ysEJb8ghcPinj1h7z5N84me9DEgoaiqpvuriDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKWjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML7N/PYTVZpF8sFMYuoLPJQsZASbTIofa2f9csWtujOgZeLlpAI5Gv3yV28QkURQaQjHWnc9NzZ+ipVhhNNpqZdoGmMyxkPatVRiQbWfzm6dohOrDFAYKVvSoJn6eyLFQuuJCGynwGakF71M/M/rJia89lMm48RQSeaLwoQjE6HscTRgihLDJ5Zgopi9FZERVpgYG0/JhuAtvrxMWrWqd1m9uD+v1G/yOIpwBMdwCh5cQR3uoAFNIDCCZ3iFN0c4L8678zFvLTj5zCH8gfP5A2ojjdQ=</latexit>

p2, (fermion, 2-body)
<latexit sha1_base64="1JCUtMhUwZe1T+9CwKW05CYvBgk=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgQcKuxMdJAl48RjAPSNYwO5lNhszMLjOzQljyC148KOLVH/Lm3zib7EETCxqKqm66u4KYM21c99sprKyurW8UN0tb2zu7e+X9g5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfg289tPVGkWyQcziakv8FCykBFsMil+rJ31yxW36s6AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Ort1ik6sMkBhpGxJg2bq74kUC60nIrCdApuRXvQy8T+vm5jw2k+ZjBNDJZkvChOOTISyx9GAKUoMn1iCiWL2VkRGWGFibDwlG4K3+PIyaZ1XvcvqxX2tUr/J4yjCERzDKXhwBXW4gwY0gcAInuEV3hzhvDjvzse8teDkM4fwB87nD20tjdY=</latexit>

p4, (Vector, 2-body)
<latexit sha1_base64="86iuolqirpZoVJ18EpjSCrJJ4sw=">AAAB73icbVDLSsNAFL2pr1pfUZduBotQQUpSfK2k4MZlBfuANi2T6aQdOpnEmYlQQn/CjQtF3Po77vwbp20W2nrgwuGce7n3Hj/mTGnH+bZyK6tr6xv5zcLW9s7unr1/0FBRIgmtk4hHsuVjRTkTtK6Z5rQVS4pDn9OmP7qd+s0nKhWLxIMex9QL8UCwgBGsjdQqxd3Kadc569lFp+zMgJaJm5EiZKj17K9OPyJJSIUmHCvVdp1YeymWmhFOJ4VOomiMyQgPaNtQgUOqvHR27wSdGKWPgkiaEhrN1N8TKQ6VGoe+6QyxHqpFbyr+57UTHVx7KRNxoqkg80VBwpGO0PR51GeSEs3HhmAimbkVkSGWmGgTUcGE4C6+vEwalbJ7Wb64Py9Wb7I48nAEx1ACF66gCndQgzoQ4PAMr/BmPVov1rv1MW/NWdnMIfyB9fkDVXCO2w==</latexit>

(p2)0, (vector, 2-body)
<latexit sha1_base64="t1SxSNPbVuOQA6R//8FUyNpA68c=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hLAbfIEgAS8eI5gHJGuYncwmQ2Zn1plZISz5CS8eFPHq73jzb5wke9DEgoaiqpvuriDmTBvX/XaWlldW19ZzG/nNre2d3cLefkPLRBFaJ5JL1QqwppwJWjfMcNqKFcVRwGkzGN5M/OYTVZpJcW9GMfUj3BcsZAQbK7WuUKcUP1RK3ULRLbtToEXiZaQIGWrdwlenJ0kSUWEIx1q3PTc2foqVYYTTcb6TaBpjMsR92rZU4IhqP53eO0bHVumhUCpbwqCp+nsixZHWoyiwnRE2Az3vTcT/vHZiwks/ZSJODBVktihMODISTZ5HPaYoMXxkCSaK2VsRGWCFibER5W0I3vzLi6RRKXvn5bO702L1OosjB4dwBCfgwQVU4RZqUAcCHJ7hFd6cR+fFeXc+Zq1LTjZzAH/gfP4AWtqO3w==</latexit>

; p2, (vector, 3-body)

Important to treat the growth of vector 
DM properly for back-reaction issue.

Energy density of particles can be comparable to latent heat:

<latexit sha1_base64="sAMfhBAYI5THRtBALSezRR3RYuo=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEuikzpT5WUnDjsoJ9QGdaMmmmDU1mQpIRylDc+CtuXCji1q9w59+YtrPQ1gMXDufcy733BIJRpR3n28qtrK6tb+Q3C1vbO7t79v5BU8WJxKSBYxbLdoAUYTQiDU01I20hCeIBI61gdDP1Ww9EKhpH93osiM/RIKIhxUgbqWcfhSXRrZxBT1EOvVAinLqTVHSrk55ddMrODHCZuBkpggz1nv3l9WOccBJpzJBSHdcR2k+R1BQzMil4iSIC4REakI6hEeJE+enshQk8NUofhrE0FWk4U39PpIgrNeaB6eRID9WiNxX/8zqJDq/8lEYi0STC80VhwqCO4TQP2KeSYM3GhiAsqbkV4iEyOWiTWsGE4C6+vEyalbJ7UT6/qxZr11kceXAMTkAJuOAS1MAtqIMGwOARPINX8GY9WS/Wu/Uxb81Z2cwh+APr8we6tJZi</latexit>

f(p2) ⇠ 1

p4

Bubble dynamics & DM production subject to corrections.

Back-reaction issue!
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<latexit sha1_base64="lyBNyzTSDC1GZbOtKneC9Yag3Wg="></latexit>

EDM = 4⇡R2
⇤

Z
dp2

2⇡2
pf(p2)Im e�(2)(p2) ⇠ 4⇡2

3
R3

⇤�V



Conclusions
• Bubble dynamics in the 1st-order phase transitions is 

an interesting testing ground for DM and GWs.

• Non-relativistic bubbles: if DM receives mass from SSB,

“Filtering mechanism” DM with masses 
parametrically larger than T.

• Relativistic bubbles: if DM mass is not related to SSB,
“Bubble collisions” produce DM with masses 

much larger that  T  & v𝜙 .
<latexit sha1_base64="+phMtxE/XEV9Q+YKgSYx+qGnt+k="></latexit>

mDM . 1

lw
⇠ �wv� ⇠ �wT, �w � 1

• Vector dark matter is subject to gauge dependence: a 
practical solution with GET is provided.

<latexit sha1_base64="IGi1ALAkaNpmyMsLXubSf0B+qoU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEfK2koAs3QoW+oAlhMp20Q2cmYWailFA3/oobF4q49S/c+TdO2yy09cCFwzn3cu89YcKo0o7zbRUWFpeWV4qrpbX1jc0te3unqeJUYtLAMYtlO0SKMCpIQ1PNSDuRBPGQkVY4uBr7rXsiFY1FXQ8T4nPUEzSiGGkjBfYeDzJPcnh9O/IYg14PcY6CB1gP7LJTcSaA88TNSRnkqAX2l9eNccqJ0JghpTquk2g/Q1JTzMio5KWKJAgPUI90DBWIE+Vnkw9G8NAoXRjF0pTQcKL+nsgQV2rIQ9PJke6rWW8s/ud1Uh1d+BkVSaqJwNNFUcqgjuE4DtilkmDNhoYgLKm5FeI+kghrE1rJhODOvjxPmscV96xyendSrl7mcRTBPjgAR8AF56AKbkANNAAGj+AZvII368l6sd6tj2lrwcpndsEfWJ8/iwiWTg==</latexit>

mDM → ωwTcf. wall-plasma:


