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see, e.g., Tulin, Yu [1705.02358]

"Let there be DM."

n "Dark matter" exists:
Ø galaxy rotation curve, bullet cluster, ...

n Traditional models for DM:
thermal WIMPs with "freeze-out" [à next slide]

n Discrepancies in sub-galactic scale
Ø Core-cusp problem ... 

Ø Diversity problem ... Variety of rotation curves is observed.

Ø Too-big-to-fail problem ... Big DM halos expected are not observed.

à the effects of baryon?  or:  non-traditional DM?

[weakly interacting massive particles]

[low-surface-brightness galaxy]

[dwarf spheroidal galaxy]

Yet a trend to explore "exotic" DM scenarios.

ρDM(U)
���
U�0

� U�1 (numerical simulation)

U0 (observation of LSBs, dSphs)
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Thermal WIMPs with "freeze-out"

n

Ø nDM is determined by the bath (i.e., by T).

n

Ø DM production is reduced since T < mDM.

n

Ø DM annihilation is "frozen out" due to expansion.

à DM density per comoving volume, Y, is "frozen".

(hosted by photons;
i.e. T is "photon temperature")

... "DM is in the thermal bath."

Figure from Gelmini and Gondolo, 1009.3690

T >mDM : DM DM
chem.eq.������������ SM SM

T �mDM : DM DM annihil.����� SM SM

�DMh2 � 1.1�109 · xf�
g�Mpl��v� · GeV

� 0.1 · 15
�
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xf
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3 �10�26 cm3/s

��v� with xf = mDM/Tfo.

�σv�annihil. � 3�10�26 cm3/s �
ͣ2EM

(150GeV)2

"stable thermal WIMP as the cold DM"

T �mDM/30 : DM DM ������ SM SM
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Yet a trend to explore "exotic" DM scenarios.
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Griest-Kamionkowski DM unitarity bound

n Thermal WIMP relic abundance

n Unitarity bound on partial-wave cross section

Ø

Figure from Gelmini and Gondolo, 1009.3690

�DMh2 � 1.1�109 · xf�
g�Mpl��v� · GeV

� 0.1 · 15
�

g�

xf

30

3 �10�26 cm3/s

��v� with xf = mDM/Tfo.

Griest & Kamionkowski,  PRL 64 (1990) 615

* For ΩDMh2 = 0.12, the bound is ~100 TeV.

(for majorana-fermion DM).

� =
�

J

�J , �J(2� 2) � (2J + 1)�
p2
i
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For vrel � 1,
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Models to break this upper bound?

� ΩDMh2 � 1�� mDM � 340TeV
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Second stage annihilation: Overview

Our DM particle:  "hidden quark" X

n

n

n

n

n : SSA is frozen out. à DM "frozen".

T ~ ΛD : phase transition

[a particle with SU(N)-charge]

• extra gauge symmetry
• confining at T=ΛD
[called "hidden color" or "dark QCD".]

σannihil. � m�2X

σannihil. � Λ�2D

T >mDM : DM DM
chem.eq.������������ SM SM

T �mDM : DM DM annihil.����� SM SM

T � ΛD : [DM] [DM] annihil.����� SM SM
<latexit sha1_base64="kXDo001POKcHB0fU21MnaGXQDXs=">AAAB+3icZU/LTsJAFJ3iC+sLdemmkS5ckRZNNK40SoKJYFVehhIyHa4wcdppOoPQNOUv/AJ3xi0fY9zqf1iVDXByc3Ny7j3JOY7PqJCG8aGkFhaXllfSq+ra+sbmVmZ7pyZ4PyBQJZzxoOFgAYx6UJVUMmj4AWDXYVB3ni5+7/VnCATlXkWGPrRc3PXoIyVYJlI7c6NXNJuBEIK6mn2dGDtYswdadBnro9NR87LU+luabg8D2u1JHAR8EI1sCUMZYc+jPcpy8SjWtftSMu1M1sgZf9DmiTkhWTSB1c682B1O+i54kjAsRNM0fNmKcCApYRCrqu3jLggZMojA9WUYq3ZfgI/JU6JHpAduEmlKbFp3hftCuXJeubopt6JSeMFdF3udo2lr6aFYsGak8I47XPJYTXqYs6nnSS2fMw9z+dt89uxk0iiN9tA+OkAmOkZnqIgsVEUEjdEn+kLfSqy8Km/K+/9rSpl4dtEUlPEPYnWSpQ==</latexit>

"second stage annihilation"
hadronized

T � ΛD/30
<latexit sha1_base64="sb5i5uBwK/hx2lJyCrnnx02LK8M=">AAABr3icZY7LTsJAGIX/4g3rrerGxA0RFq6wBRNdYpAEE8Eq5WIo4nQ6kgnTdtIZNE1T48O41ffxbazajXBWX84lOQ5nVEhd/1JyS8srq2v5dXVjc2t7R9vd64lgFmLSxQELwoGDBGHUJ11JJSMDHhLkOYz0nWn9J+8/k1DQwLdkxMnIQxOfPlGMZGqNtYOSVbAF9Qr2dTpykf0SXyYnVb001op6Wf9VYRGMDIqQyRxrb7Yb4JlHfIkZEmJo6FyOYhRKihlJVNXmaEKEjBiJicdllKj2TBCO8DT1h+Zdo9NoWxfW1U17FLeieuB5yHdP/7Xi1n2zYc5ZUYdRl4hETS8b8wcXoVcpG9Vy5bZSrJ1n5/NwCEdwDAacQQ2aYEIXMLzCO3zAp2IofeVBefyr5pRssw//pNBv9z1yyQ==</latexit>

T �mDM/30 : DM DM ������ SM SM
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Assuming ΛD > MeV not to ruin BBN,
10TeV �mX � 1PeV.
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Agenda

1. Introduction

2. Dark QCD models and Our toy model

3. Annihilation cross section:
Ø "Rearrangement" is the dominant process.

4. Conclusion

σannihil. � Λ�2D
?
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Dark QCD: hidden confining SU(N) gauge symmetry

n If no "dark quarks" are added:

This is via "dark-QCD string formation":

[particles charged under dark QCD]

T� ΛD
<latexit sha1_base64="Jr9PnjVOc32GkyhAdYtYM5ZKDBA=">AAAB0XicZY9LT8JAFIWn+ML6Krp0Q2TjirRooksMkGACWKU8DEPIML00DdNHOlNJ0zQxbv0NbjX+JP+NVbsQOJt78t1zFmfqM5sLVf2SchubW9s7+V15b//g8EgpHPe5FwYUetRjXjCcEg7MdqEnbMFg6AdAnCmDwXRe+/kPniDgtucaIvJh7BDLtWc2JSJFE6VgYMsq4lbaMAlexPVkopTUsvqr4rrRMlNCmfSJ8olNj4YOuIIywvlIU30xjkkgbMogkWXsEwu4iBjE4PgiSmQccvAJnad8pD80uo2OcWPc3nXGcTuqeY5DXPNyKRW3H5sNPUUmzLAO/RiHbpzeJEOtevx/w0o36jLbBJ7I6TZtdcm66VfK2kW5cn9Zql5nK/PoFJ2hc6ShK1RFTaSjHqJogd7QO/qQulIkPUsvf9GclHVO0JKk12+oOIFh</latexit>

T < ΛD
<latexit sha1_base64="YxXnNCSYIQS5Tof+SePOfWh5KOo=">AAABzHicZY9LT8JAFIWn+ML6Ql26MbJxRVok0YULDJBgAlilPAxFMp1eyITpI52pppl0629wqzt/kv/Gql0InM09+e45i2MHjHKhaV9Kbm19Y3Mrv63u7O7tHxQOj/rcj0ICPeIzPxzamAOjHvQEFQyGQQjYtRkM7Hnt5z94hpBT3zNFHMDYxTOPTinBIkVP5rXVSsMOtl5kPZkUilpJ+9XpqtEzU0SZjEnh03J8ErngCcIw5yNdC8RY4lBQwiBRVSvAM+AiZiDBDUScqFbEIcBknvKR8dDoNjrmjXl71xnLdlzzXRd7TmUhJduPzYaRIgemlgF9aUWeTG+SoVZd/t+w1I27jDrAEzXdpi8vWTX9ckm/KJXvK8XqVbYyj07QGTpHOrpEVdREBuohgkL0ht7Rh9JRhCKV5C+aU7LOMVqQ8voNSLKABA==</latexit>

SM + dark QCD models (1) Without quarks ("pure Yang-Mills scenario")

�
mgb � 7ΛD,
Rgb � ΛD

<latexit sha1_base64="R2691dF/ArsBDoQ3JanV5Mg2FGI=">AAAB/HicZZBLSwMxFIUz9T2+qi7diN24kDJTC7pwodiCQtWxL5WmlEzmWoKZB5NUGcL4Y8SNiFt/g1vd+W+MOiBtzyaHL+deONeNOBPSsr6M3MTk1PTM7Jw5v7C4tJxfWW2LcBBTaNGQh/GVSwRwFkBLMsnhKoqB+C6HS/f26Of/8g5iwcKgKZMIuj7pB+yGUSI16uX3sQt9Fiiqd4jU9PG96rspFszfxbXKNsZm/R9pgk0MgZfFe/mCVbR+tTFu7MwUUCanl3/GXkgHPgSSciJEx7Yi2VUkloxySE0TR6QPQiYcFPiRTFITDwREhN5q3nHq1Ub1rHnYPDk/66rT5Cj0fRJ45aGUOr0+rjoaeXCDHWgrPAiUftMM1SoK1/SBPKKLVdKR2aTBmfdzCd3NHm0ybtqlor1TLF2UCwd7WctZtI420Ray0S46QMfIQS1E0SN6Rx/o03gwnowX4/UvmjOymTU0JOPtG3uBk2U=</latexit>

(ground state 0++)...

see Forestell, Morrissey, Sigurdson [1710.06447] / 3510* Note the subtlety on "temperature".

https://arxiv.org/abs/1710.06447


Dark QCD: hidden confining SU(N) gauge symmetry

n With one quark Q with SU(N)-fundamental representation:

SM + dark QCD models (2) With fundamental quarks

mQ � ΛD
<latexit sha1_base64="tOPa0axB5/9fwoD0ARyfs6909+U=">AAAByHicZY9LT8JAFIWn+ML6Ql26IbJxRVok0SUGSNAAFnkqQ8jQXpoJ03bSmUqapht/g1vd+5P8N1btBjibe/LdcxZnxhkVUtO+lczW9s7uXnZfPTg8Oj7JnZ4NhBf4JvRNj3n+aEYEMOpCX1LJYMR9IM6MwXC2qP7+h6/gC+q5PRlymDjEdumcmkQm6MWZdrBt53GzNs0VtKL2p/ym0VNTQKmMae4LW54ZOOBKkxEhxrrG5SQivqQmg1hVMSc2CBkyiMDhMoxVHAjgxFwkfGw81bv1du+ud//YnkStsOo5DnGt8koqaj036kaCLJhjAwYRDtwouXGKmrUIN5OxFsHLqBavdcMuoxaIWE226etLNs2gVNSvi6VOuVC5TVdm0QW6RFdIRzeoghrIQH1kIhe9ow/0qTwoXFkq4X80o6Sdc7Qi5e0HDtZ98w==</latexit>

mQ � ΛD
<latexit sha1_base64="HQl/dSH1O1eA+fPvbRVX5w4GHGY=">AAABz3icZY9LT8JAFIWn+ML6oOrSDZGNK9KiiS4xQIIJYJGnYUgzbS9kwvSRzlTSNDVu/Q1udeFP8t9YtRvgbO7Jd89ZHNNnlAtV/ZZyW9s7u3v5ffng8Oi4oJycDrkXBhYMLI95wdgkHBh1YSCoYDD2AyCOyWBkLmq//9EzBJx6bl9EPkwdMnfpjFpEpMhQCo7RxQw459Qp4lbdUEpqWf1TcdNomSmhTLqhfGHbs0IHXGExwvlEU30xjUkgqMUgkWXskzlwETGIwfFFlMg45OATa5Hyif7Y6DU6/bv+/UNnGrejmuc4xLWvV1Jx+6nZ0FNkwwzrMIxx6MbpTTLUqse4lW62CV7G9WStG/UYtYEncrpNW1+yaYaVsnZVrnSvS9XbbGUenaMLdIk0dIOqqIl0NEAWCtE7+kCfUldaSi/S6380J2WdM7Qi6e0HTF6AiA==</latexit>

Vstring(r) � �2
Dr

<latexit sha1_base64="n+pbKgqpYyMASnPN/lTwJsaoqeU=">AAAB6nicZVC7TsNAEDzzxrwClDQRQSg0kR2QoAQlkYKUBEOeiAvR2d5Ep5wfurtAopP/gIoO0dLS0MKP8DcYcBOYZkezs7uatUNGhTSMT21mdm5+YXFpWV9ZXVvfSG1utUQw4g40nYAFvGMTAYz60JRUMuiEHIhnM2jbw8J3v30HXNDAb8hJCF2PDHzapw6RsdRL7eM+Jx7YwVjttfC9EpJTfxBl+QEW1EvjSvE2z/eiXipj5IwfpP8TMyEZlMDqpV6xGzgjD3zpMCLEjWmEsqsIl9RhEOk6DskAhJwwUOCFchLpeCQgJM4w1m+sq1K9VGucNc4val1VnRQCzyO+ezTlUtXrcsmKJRf62IKWwiNfxTVKpEpR4Ur8CpfEwYrR9AU5/t5bZ9QFEelxPvNvmv+klc+Zh7n8ZT5zepIkXUI7aBdlkYmO0SkqIws1kYMe0Bt6Rx8a0x61J+351zqjJTPbaArayxfvF4vB</latexit>

see
Kang, Luty [0805.4642], Kribs, Roy, Terning, Zurek [0909.2034] for quirk models,
Kang, Luty, Nasri [hep-ph/0611322], Appelquist, Brower, Buchoff, et al. [1503.04203] for meson models.

(Their fate depends on model-details.)

(+ glueballs)
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Dark QCD: hidden confining SU(N) gauge symmetry

n With one quark Qadj with SU(N)-adjoint representation:

SM + dark QCD models (3) With adjoint quarks ("R-hadron scenario")

"R-hadrons" ... stable: DM candidate.

(+ glueballs)

see Arvanitaki, Dimopoulos, Dubovsky, Graham, et al. [0812.2075], Feng, Shadmi [1102.0282] / 3512
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Our Model: two fundamental quarks X and q:

Our toy model

P.T.

(after Xs freeze-out)
T� ΛD

<latexit sha1_base64="Jr9PnjVOc32GkyhAdYtYM5ZKDBA=">AAAB0XicZY9LT8JAFIWn+ML6Krp0Q2TjirRooksMkGACWKU8DEPIML00DdNHOlNJ0zQxbv0NbjX+JP+NVbsQOJt78t1zFmfqM5sLVf2SchubW9s7+V15b//g8EgpHPe5FwYUetRjXjCcEg7MdqEnbMFg6AdAnCmDwXRe+/kPniDgtucaIvJh7BDLtWc2JSJFE6VgYMsq4lbaMAlexPVkopTUsvqr4rrRMlNCmfSJ8olNj4YOuIIywvlIU30xjkkgbMogkWXsEwu4iBjE4PgiSmQccvAJnad8pD80uo2OcWPc3nXGcTuqeY5DXPNyKRW3H5sNPUUmzLAO/RiHbpzeJEOtevx/w0o36jLbBJ7I6TZtdcm66VfK2kW5cn9Zql5nK/PoFJ2hc6ShK1RFTaSjHqJogd7QO/qQulIkPUsvf9GclHVO0JKk12+oOIFh</latexit>

T < ΛD
<latexit sha1_base64="YxXnNCSYIQS5Tof+SePOfWh5KOo=">AAABzHicZY9LT8JAFIWn+ML6Ql26MbJxRVok0YULDJBgAlilPAxFMp1eyITpI52pppl0629wqzt/kv/Gql0InM09+e45i2MHjHKhaV9Kbm19Y3Mrv63u7O7tHxQOj/rcj0ICPeIzPxzamAOjHvQEFQyGQQjYtRkM7Hnt5z94hpBT3zNFHMDYxTOPTinBIkVP5rXVSsMOtl5kPZkUilpJ+9XpqtEzU0SZjEnh03J8ErngCcIw5yNdC8RY4lBQwiBRVSvAM+AiZiDBDUScqFbEIcBknvKR8dDoNjrmjXl71xnLdlzzXRd7TmUhJduPzYaRIgemlgF9aUWeTG+SoVZd/t+w1I27jDrAEzXdpi8vWTX9ckm/KJXvK8XqVbYyj07QGTpHOrpEVdREBuohgkL0ht7Rh9JRhCKV5C+aU7LOMVqQ8voNSLKABA==</latexit>

(Xq̄)- and (qq̄)-mesons
(+glueballs)

<latexit sha1_base64="K8ellBgoavCa2mquTAFyqQnb6lM="></latexit>

mX � ΛD �mq
<latexit sha1_base64="pDlgU8vCfBh8cL7GZMbLhTJy/uM=">AAAB1nicZY9LT8JAFIWn+ML6wsfODZGNK9IiiS4xQIIJYJVXDUOaob00DTNt7Uw12NSdcetPcKv+Iv+NRbtBzuaefHPunZyxTx0uFOVbyqysrq1vZDflre2d3b3c/kGfe2FgQs/0qBfoY8KBOi70hCMo6H4AhI0pDMbT6vx98AABdzy3K2Y+jBixXWfimEQkyMgdMUPHto2bNWyLJMbyzLg3cgWlqPwqv2zU1BRQKs3IfWHLM0MGrjAp4XyoKr4YRSQQjkkhlmXsExu4mFGIgPliFss45OATc5rwoXZb79Tb3cvu1XV7FLVmVY8x4lrlhVTUumvUtQRZMMEa9CMculEy4xQ1axFuJsUtgh+jWrz4w/xqhzoW8FhO2qn/uyybfqmonhVLN+VC5SLtmUXH6ASdIhWdowpqIA31kIme0Dv6QJ+SLj1LL9LrXzQjpTuHaEHS2w8hsYOC</latexit>
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Our Model: two fundamental quarks X and q:

Ø At phase transition,

Ø HX : stable à DM candidate

Ø : decays to the lightest one                              ,
whose fate depends on model-details.

Ø Baryonic DM may be produced:

Our toy model

see Arvanitaki, Dimopoulos, Dubovsky, Graham, et al. [0812.2075], Feng, Shadmi [1102.0282]

X, X̄, q, g �� HX, H̄X, (qq̄), G
<latexit sha1_base64="t2PikggLvWaa25clYp1+uDtuN08="></latexit>

"matter"      "radiation" mass � ΛD
<latexit sha1_base64="Fhk5LdaCBFJqRNgU72wnNOMK7Yg=">AAAB1HicZU/LTsJAFJ3iC+ur4tKNkY0r0qKJLjFAgglgFSgYhpBpeyETpo90BoWMXRm3foJbTfwi/8ai3SBnc0/OPffcHDtklAtd/1Yya+sbm1vZbXVnd2//QDvMWTyYRg50nIAFUc8mHBj1oSOoYNALIyCezaBrT8qLffcRIk4Dvy3mIQw8MvbpiDpEJNJQy2EBMyE9wnmMOfVwvTLU8npB/8XJKjFSkkcpzKH2hd3AmXrgC4clQX1DD8VAkkhQh0GsqjgkY+BizkCCF4p5rOIph5A4k0Tvm/fVVrXZvm7f3DYHsjEvB55HfPdiySUbD7WqmUgujLAJlsRTXyYzTqV6ReJ6Utsl+ElW4uUPi9QWoy7wWE3aGf+7rBKrWDDOC8W7i3zpKu2ZRcfoFJ0hA12iEqohE3WQg2boHX2gT8VSnpUX5fXPmlHSmyO0BOXtB5cwg0M=</latexit>

[glueball]

mass � mX
<latexit sha1_base64="Q14WVGlfFbM3nbdCRjtxjKBs2iQ=">AAAB1XicZU/LTsJAFJ3iC+sLZemGyMYVaZFElxggwQSwytMwhAzthUyYaZvOoDaT7oxbP8Gtxi/ybyzaDXI29+Tcc8/NmfiMCmkY31pqY3Nreye9q+/tHxweZY5PesJbBDZ0bY95wWBCBDDqQldSyWDgB0D4hEF/Mq8s9/1HCAT13I4MfRhxMnPplNpExtI4k8USnqXiRIgIC8pzfDwYZ/JGwfhFbp2YCcmjBNY484Udz15wcKXN4qShafhypEggqc0g0nXskxkIGTJQwH0ZRjpeCPCJPY/1oXVfa9danevOzW1rpJphxeOcuE5pxaWaD/WaFUsOTLEFPYUXropnlEiNqsKNuLdD8JOqRqsflqltRh0QkR63M/93WSe9YsG8KBTvSvnyVdIzjU7RGTpHJrpEZVRHFuoiG4XoHX2gT62vRdqL9vpnTWnJTRatQHv7ATs8g6U=</latexit>

HX = (Xq̄)-meson
<latexit sha1_base64="Td9q6x8bKE/3lZPQZKPAe++srz8=">AAAB13icZY/LTsJAFIanXrHeUOPKDREWuJC0aKIbEwyQYAJY5VZCCZm2B9IwvdiZappJ48649RHcyhP5NhbtBvk35893bvl1j1iUSdK3sLK6tr6xmdoSt3d29/bTB4dd6ga+AR3DJa6v6pgCsRzoMIsRUD0fsK0T6OnT8rzfewafWq7TZqEHQxtPHGtsGZjFaJQ+ztVG6k1e1XTsZ57Ocuc20DnPSgXpV5llIycmixIpo/RMM10jsMFhBsGUDmTJY0OOfWYZBCJR1Dw8AcpCAhxsj4WRqAUUPGxMYz5QHqutarN92767bw55Iyy7to0d83Jhijf6taoSIxPGmgJdrgUOj2uUoHqFa/U4uYm1F16JFj/Mr7aIZQKNxDid/D/LsukWC/JFofhQzJauk5wpdIJOUR7J6AqVUA0pqIMMxNEn+kIzoS+8Cm/C+9/oipDsHKEFCR8/+6aCnw==</latexit>

(qq̄), G
<latexit sha1_base64="vVZ2xsj/R3ozTfCphuSwEehMQuw=">AAABzHicZY/LTsJAFIanXrHeUJduiGwwMaRFEl1igIgJYJWrYQiZTg+kYXqhM2iaSV36CG517xP5NhbtBvk35893bvlNn9lcaNq3sra+sbm1ndpRd/f2Dw7TR8dd7s0DCh3qMS/om4QDs13oCFsw6PsBEMdk0DOn5UW/9wwBtz23LUIfhg6ZuPbYpkTECOdm2CRBZnZ+8Xo7Sme1vParzKrRE5NFiYxR+gtbHp074ArKCOcDXfPFUJJA2JRBpKrYJxPgImQgwfFFGKl4zsEndBrzgfFYbVWb7Zv23X1zKBth2XMc4lrFpSnZeKpVjRhZMMYGdCWeuzKuUYLqFYnrcVyL4BdZiZY/LK62mG0Bj9Q4nf4/y6rpFvL6Zb7wUMyWrpOcKXSKzlAO6egKlVANGaiDKPLRO/pAn0pTEYpUor/RNSXZOUFLUt5+AEjCf00=</latexit>

((qq̄)1S0 ifmq � ΛD)
<latexit sha1_base64="zmt/ghFbIY30vW/HA60MrUeBEfw=">AAAB5nicZVC7TsNAEDzzxrwClDQRcZE0kR2QoASRSEFKgiEPgrhgne1NOHF+xHcBRSf/AAUdoqWnoYU/4W9wwE1gmh3Nzu5q1g4Z5ULXv5SZ2bn5hcWlZXVldW19I7O51eHBKHKg7QQsiLo24cCoD21BBYNuGAHxbAaX9t3JpH95DxGngd8S4xB6Hhn4tE8dIhLJymh5LT/ENomyw4Ilb4ympcdalvazmmcNMWO4VtYKVianF/UfZP8TIyU5lMK0Mm/YDZyRB75wGOH82tBD0ZMkEtRhEKsqDskAuBgzkOCFYhyreMQhJM5dol+bF5VmpdE6bp2eNXqyPj4JPI/47v6US9avqhUzkVzoYxM6Eo98mdQ4lWpliWvJI1yCH2Q5nr4w2dpk1AUeq0k642+W/6RTKhp7xdJ5KXd0mOZcQjtoF+WRgQ7QEaoiE7WRgx7RO/pAn8qt8qQ8Ky+/1hklndlGU1BevwGaJoeQ</latexit>

XqN�1 �� X2qN�2 �� · · · �� XN
<latexit sha1_base64="Ye0qlNriUHisGBVnDCvaSiiirWs=">AAACDnicZVDLTsJAFJ36xPpCXbohsnEjaZFElxoh0QSwKiCGATJMrzhx2qmdQUMm/Qf/w50Ld8atn6BL/RKLdoOczT0559w7OdMLOJPKsj6NqemZ2bn51IK5uLS8sppeW29IMQgp1KngImz2iATOfKgrpjg0gxCI1+Nw2bs9GvmX9xBKJvyaGgbQ9kjfZ9eMEhVL3XS5edfR1R07wlz4/ZD1bxQJQ/GQaXbyv07+v4OpK5ScjFdNs5vOWjnrF5lJYickixI43fQTdgUdeOAryomULdsKVFuTUDHKITJNHJA+SDXkoMEL1DAy8UBCQOhtrLec89JFqVo7rJ2cVtu6MjwSnkd8tzCW0pWr45ITSy5cYwcaGg98Hc8okcpFjcvxh7kEP+hiNP7C6OoFZy7IaNTO/t9lkjTyOXs3lz8rZA/2k54ptIm20Day0R46QMfIQXVE0TP6QF/o23g0XoxX4+0vOmUkOxtoDMb7D4PPmyA=</latexit>

[size � m�1X � relic
· · · another DM component]

<latexit sha1_base64="j/OvEFwOg/2O08JGgt9vVwVG7AI="></latexit>

[size � Λ�1
D ; interacting]

<latexit sha1_base64="6hsQz5CoImYWJXu4X5yMzB/h5sY=">AAAB5HicZVC7TsNAEDyHt3kZKGkikoKGyA5IINGASCSQkmDIA1AuROfzJjrl/JDvAgon9xR0iJYfQKKFX+FvMOAmZJodzc7uatYJORPSNL+0zNT0zOzc/IK+uLS8smqsrbdEMIwoNGnAg+jaIQI486EpmeRwHUZAPIfDlTM4+elf3UEkWOA35CiEjkf6PusxSmQidY2ttmAPkM1jwTxcKd2qHSvOH2aZLyEiVDK/3+kaObNg/iI7SayU5FAKu2u8YTegQw98STkRom2ZoewoEklGOcS6jkPSByFHHBR4oRzFOh4KCAkdJHrbvizXy7XGcePsvNZR1dFJ4HnEd/fGXKp6c1q2E8mFHrahpfDQV0mNU6lSUriSvMEl+F6V4vELP1vrnLkgYj1JZ/3PMklaxYK1WyheFHNHB2nOebSJttA2stA+OkKnyEZNRNEjekcf6FPraU/as/byZ81o6cwGGoP2+g3T9IiW</latexit>

beyond
this work

[our focus]

mX � ΛD �mq
<latexit sha1_base64="pDlgU8vCfBh8cL7GZMbLhTJy/uM=">AAAB1nicZY9LT8JAFIWn+ML6wsfODZGNK9IiiS4xQIIJYJVXDUOaob00DTNt7Uw12NSdcetPcKv+Iv+NRbtBzuaefHPunZyxTx0uFOVbyqysrq1vZDflre2d3b3c/kGfe2FgQs/0qBfoY8KBOi70hCMo6H4AhI0pDMbT6vx98AABdzy3K2Y+jBixXWfimEQkyMgdMUPHto2bNWyLJMbyzLg3cgWlqPwqv2zU1BRQKs3IfWHLM0MGrjAp4XyoKr4YRSQQjkkhlmXsExu4mFGIgPliFss45OATc5rwoXZb79Tb3cvu1XV7FLVmVY8x4lrlhVTUumvUtQRZMMEa9CMculEy4xQ1axFuJsUtgh+jWrz4w/xqhzoW8FhO2qn/uyybfqmonhVLN+VC5SLtmUXH6ASdIhWdowpqIA31kIme0Dv6QJ+SLj1LL9LrXzQjpTuHaEHS2w8hsYOC</latexit>
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Thermal history of X

YeqX
<latexit sha1_base64="fAblE2uMqv2h3fCCO+VoKladiFw="></latexit>

T � mX/30 ΛD ΛD/30
<latexit sha1_base64="7Qls03s9XvnZ0xRs0QbNkl4WQlI="></latexit>

time

phase transition

freeze-out

second-stage annihilation

second-stage freeze-out

YX (� YHX)
<latexit sha1_base64="QaoBa6d1yp9e/dfagNNkFU82hT4=">AAAB1nicZY/LTsJAFIaneMN6w8vODZENbkiLJLrEAAkmgFVuJZQ0Q3sgE6YXO4MGJ2Vn3PoIbtUn8m0s2g3yb86f79zyD31KGFeUbymxtr6xuZXclnd29/YPUodHHeZNAwvalke9QB9iBpS40OaEU9D9ALAzpNAdTkqLfvcRAkY8t8VnPgwcPHbJiFiYR8hMnfRMfZ41GHHgId0zRdXUw3MzlVFyyq/Sq0aNTQbF0szUl2F71tQBl1sUM9ZXFZ8PBA44sSiEsmz4eAyMzygIcHw+C2VjysDH1iTife2+0qw0Wtetm9vGQNRnJc9xsGsXlqZEvVetaBGyYWRo0BHG1BVRDWNUKwujFgW3sfEkyuHyh8XVJiU2sFCO0qn/s6yaTj6nXuTyd4VM8SrOmUSn6AxlkYouURFVkYbayELP6B19oE9Jl+bSi/T6N5qQ4p1jtCTp7QecyYMi</latexit>

HX = (Xq̄)-meson
<latexit sha1_base64="Td9q6x8bKE/3lZPQZKPAe++srz8=">AAAB13icZY/LTsJAFIanXrHeUOPKDREWuJC0aKIbEwyQYAJY5VZCCZm2B9IwvdiZappJ48649RHcyhP5NhbtBvk35893bvl1j1iUSdK3sLK6tr6xmdoSt3d29/bTB4dd6ga+AR3DJa6v6pgCsRzoMIsRUD0fsK0T6OnT8rzfewafWq7TZqEHQxtPHGtsGZjFaJQ+ztVG6k1e1XTsZ57Ocuc20DnPSgXpV5llIycmixIpo/RMM10jsMFhBsGUDmTJY0OOfWYZBCJR1Dw8AcpCAhxsj4WRqAUUPGxMYz5QHqutarN92767bw55Iyy7to0d83Jhijf6taoSIxPGmgJdrgUOj2uUoHqFa/U4uYm1F16JFj/Mr7aIZQKNxDid/D/LsukWC/JFofhQzJauk5wpdIJOUR7J6AqVUA0pqIMMxNEn+kIzoS+8Cm/C+9/oipDsHKEFCR8/+6aCnw==</latexit>
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YeqX
<latexit sha1_base64="fAblE2uMqv2h3fCCO+VoKladiFw="></latexit>

T � mX/30 ΛD ΛD/30
<latexit sha1_base64="7Qls03s9XvnZ0xRs0QbNkl4WQlI="></latexit>

time

phase transition

freeze-out

second-stage annihilation

second-stage freeze-out

YX (� YHX)
<latexit sha1_base64="QaoBa6d1yp9e/dfagNNkFU82hT4=">AAAB1nicZY/LTsJAFIaneMN6w8vODZENbkiLJLrEAAkmgFVuJZQ0Q3sgE6YXO4MGJ2Vn3PoIbtUn8m0s2g3yb86f79zyD31KGFeUbymxtr6xuZXclnd29/YPUodHHeZNAwvalke9QB9iBpS40OaEU9D9ALAzpNAdTkqLfvcRAkY8t8VnPgwcPHbJiFiYR8hMnfRMfZ41GHHgId0zRdXUw3MzlVFyyq/Sq0aNTQbF0szUl2F71tQBl1sUM9ZXFZ8PBA44sSiEsmz4eAyMzygIcHw+C2VjysDH1iTife2+0qw0Wtetm9vGQNRnJc9xsGsXlqZEvVetaBGyYWRo0BHG1BVRDWNUKwujFgW3sfEkyuHyh8XVJiU2sFCO0qn/s6yaTj6nXuTyd4VM8SrOmUSn6AxlkYouURFVkYbayELP6B19oE9Jl+bSi/T6N5qQ4p1jtCTp7QecyYMi</latexit>

Thermal history of X HX = (Xq̄)-meson
<latexit sha1_base64="Td9q6x8bKE/3lZPQZKPAe++srz8=">AAAB13icZY/LTsJAFIanXrHeUOPKDREWuJC0aKIbEwyQYAJY5VZCCZm2B9IwvdiZappJ48649RHcyhP5NhbtBvk35893bvl1j1iUSdK3sLK6tr6xmdoSt3d29/bTB4dd6ga+AR3DJa6v6pgCsRzoMIsRUD0fsK0T6OnT8rzfewafWq7TZqEHQxtPHGtsGZjFaJQ+ztVG6k1e1XTsZ57Ocuc20DnPSgXpV5llIycmixIpo/RMM10jsMFhBsGUDmTJY0OOfWYZBCJR1Dw8AcpCAhxsj4WRqAUUPGxMYz5QHqutarN92767bw55Iyy7to0d83Jhijf6taoSIxPGmgJdrgUOj2uUoHqFa/U4uYm1F16JFj/Mr7aIZQKNxDid/D/LsukWC/JFofhQzJauk5wpdIJOUR7J6AqVUA0pqIMMxNEn+kIzoS+8Cm/C+9/oipDsHKEFCR8/+6aCnw==</latexit>

Ø Not sensitive to the history before SSA.

Ø Sensitive to SSA cross section:
SSA should be efficient and

σSSA � Λ�2D .
<latexit sha1_base64="WFbqU52FWAoZzEZxVROtgKHnw2I=">AAAB3nicZVDLTsJAFJ3iC+sLdakLIyzcSNpqoksIkGACWOVpGMShvZAJ00c6g4ZMunHhzrj1E0xc6d/4NxbtBj2be+65r5w78BnlQtO+lMTC4tLySnJVXVvf2NxKbe+0uDcJLGhaHvOCzoBwYNSFpqCCQccPgDgDBu3BuDCrt+8h4NRzG2LqQ88hI5cOqUVEJPVT+xnM6cgh+EHW6/kwShxcKd7KYyPMZPuptJbVfnDwn+gxSaMYZj/1jm3PmjjgCosRzru65oueJIGgFoNQVbFPRsDFlIEExxfTUMUTDj6xxpHeNa9L9VKtkW9cXNZ6sjoteI5DXPt0rktWb8olM5JsGGITWhJPXBnFMJYqRYkr0QPsmadiOH9htrXOqA08VCN3+l8v/0nLyOonWePKSOfOY59JtIcO0RHS0RnKoTIyURNZ6BG9oQ/0qdwpT8qz8vLbmlDimV00B+X1G7hMhiI=</latexit>

DM relic density in our scenario:

What are the processes for SSA? 
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Processes for Second-stage annihilation

1) Rearrangement

2) Radiative processes such as

Our work suggests:

HX = (Xq̄)-meson
<latexit sha1_base64="Td9q6x8bKE/3lZPQZKPAe++srz8=">AAAB13icZY/LTsJAFIanXrHeUOPKDREWuJC0aKIbEwyQYAJY5VZCCZm2B9IwvdiZappJ48649RHcyhP5NhbtBvk35893bvl1j1iUSdK3sLK6tr6xmdoSt3d29/bTB4dd6ga+AR3DJa6v6pgCsRzoMIsRUD0fsK0T6OnT8rzfewafWq7TZqEHQxtPHGtsGZjFaJQ+ztVG6k1e1XTsZ57Ocuc20DnPSgXpV5llIycmixIpo/RMM10jsMFhBsGUDmTJY0OOfWYZBCJR1Dw8AcpCAhxsj4WRqAUUPGxMYz5QHqutarN92767bw55Iyy7to0d83Jhijf6taoSIxPGmgJdrgUOj2uUoHqFa/U4uYm1F16JFj/Mr7aIZQKNxDid/D/LsukWC/JFofhQzJauk5wpdIJOUR7J6AqVUA0pqIMMxNEn+kIzoS+8Cm/C+9/oipDsHKEFCR8/+6aCnw==</latexit>

X+ X̄ �� (XX̄)+ φ
<latexit sha1_base64="PlHgBW39X/PmWKSbtDRvtjdWpII=">AAAB6HicZZBLT8JAFIWnPrG+UJduiCRGY0JaJNElBkgwAawKWOMQMm0vMDJ9ZGaQkKb/wIU749atO7f6R/w3Fu0GPZs5+ebMvTljBYwKqWlfytz8wuLScmpFXV1b39hMb223hT/iNrRsn/nctIgARj1oSSoZmAEH4loMbqxhaXp/8wBcUN9rykkAHZf0PdqjNpEx6qb3zSNsEZ4xMfO9Pqf9gSSc++PMgfnLD49wMKDddFbLaT/K/Dd6YrIokdFNv2HHt0cueNJmRIg7XQtkJyRcUptBpKo4IH0QcsIgBDeQk0jFIwEBsYcxvzOuKteVRvOseX7R6IT1Scl3XeI5hZlUWL+tVowYOdDDBrRDPPLC+IwSVCuHuBZ/hUPwOCxHsxumU68ZdUBEatxO/9vlv2nnc/pxLn9ZyBZPk54ptIv20AHS0QkqoioyUAvZ6BG9ow/0qdwrT8qz8vIbnVOSNztoRsrrN46Piig=</latexit>

with "q"s as spectators

HX + H̄X �� (XX̄)+ (qq̄)
<latexit sha1_base64="4l6p7gWQFBR9Zb7JkREKJ3OLjjs=">AAAB8XicZZDLTsJAFIan3q031KUbIhsICbZooksNkGCCWOVWwxAybY84cXpxZpCQpo/hwp1x6yO41YfwbSzYDfJvzpf/XCb/WAGjQmraj7KwuLS8srq2rm5sbm3vpHb32sIfchtats98blpEAKMetCSVDMyAA3EtBh3rsTTpd56BC+p7TTkOoOeSgUfvqU1kbPVTR9W+mccW4ekYMPO9AaeDB0k490fprDntmLl89mlKT7l+KqMVtKnS86AnkEGJjH7qAzu+PXTBkzYjQnR1LZC9kHBJbQaRquKADEDIMYMQ3ECOIxUPBQTEfoz9rnFbaVTqzYvm5XW9F16NS77rEs85mZkKr+6qFSO2HLjHBrRDPPTCuEaJVSuHuBb/iUPwKCxHsy9MrjYYdUBEapxO/59lHtrFgn5cKN6cZM7Pkpxr6AAdoizS0Sk6R1VkoBay0Qv6RF/oWxHKq/KmvP+NLijJzj6akfLxC+FWjRc=</latexit>

some light particles (model dependent)

X
<latexit sha1_base64="GrjU1aHMs5y3vtNb1Qhm7YPhITo=">AAABwXicZY/LTsJAFIZP8Yb1hrp0Y2TjirRooksMkGACWORqKCHT9kAmTNtJZ9A0kz6BW30Kn8i3sWg3yL85f75zy+9wRoU0jG8tt7W9s7uX39cPDo+OTwqnZwMRLiMX+27IwmjkEIGMBtiXVDIc8QiJ7zAcOovqqj98xUjQMOjJmOPEJ/OAzqhLZIo6o2mhaJSMX11uGjMzRchkTQtfthe6Sx8D6TIixNg0uJwoEknqMkx03eZkjkLGDBX6XMaJbi8FcuIuUj62nuvderv30Ht8ak9UK66Gvk8C73ZtSrVeGnUrRR7ObAsHyl4GKq1Jhpo1ZTfTjB6x31QtWf+wutpl1EOR6Gk683+WTTMol8ybUrlzW6zcZznzcAFXcA0m3EEFGmBBH1xAeIcP+NSqGtW4Fv2N5rRs5xzWpKkf3O17Yg==</latexit>

q
<latexit sha1_base64="yJGy9UlxRRCNwZgFGvFX5NKfW7I=">AAABlnicZY5LT8JAFIXv4AvrC3Vj4sbIxhVpkURXBkMacQEWeRogZDpcyIRpO3amJk1D4t6t/jj/jajdAN/q5Nxzk8+Vgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VRCHDNgtEEPZcqlBwH9uaa4E9GSL1XIFdd1b5vXffMFQ88Fs6ljj06NTnE86oXlSN11EubxbMPy7Wg5WGPKQ4o9z7YBywyENfM0GV6lum1MOEhpozgXPDGEg6RaVjgQl6UsdzYxAplJTNFn3febabdr1133p8qg+TWlwJPI/649LSKqm9VG1npYqbgo9RzY2FsrUquB46xYJ1XSg2SvnybSqfhXO4hCuw4AbKUAUH2sAA4QM+4YuckTtik4f/aYakP6ewBHF+ACgBamY=</latexit>

q̄
<latexit sha1_base64="G5M90YMyPAiUync/hoXca4E8lS4=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ5XMjJtx85g0jQkPoJbfTPfRtRugG91cu65yedJwZU2zW+SWVvf2NzKbhs7u3v7B7nDo44KpxFDh4UijHoeVSh4gI7mWmBPRkh9T2DXm1R/7903jBQPg7aOJQ58Og74M2dUz6uO69Eo/zrMFcyi+Ud+NVhpKECKPcy9u6OQTX0MNBNUqb5lSj1IaKQ5EzgzDFfSMSodC0zQlzqeGe5UoaRsMu/79mOtVWu2r9s3981B0oiroe/TYFReWCWNp3rNXqriluAjVDNjrmwtC66GTqloXRRLD+VC5SqVz8IJnME5WHAJFaiDDQ4weIEP+IQvckqq5Jbc/U8zJP05hgWI8wPqGmxJ</latexit>

X̄<latexit sha1_base64="4KBIFy/yHoFtHArdoSBVuUM+y+k=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ4XMjJtJ53BpGlIfAS3+ma+jajdAN/q5Nxzk8+Tgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VziKGDgtFGPU8qlDwAB3NtcCejJD6nsCuN63+3rtvGCkeBm0dSxz4dBLwMWdUL6qO69Eo3xvmCmbR/CO/Hqw0FCDFHube3VHIZj4GmgmqVN8ypR4kNNKcCZwbhivpBJWOBSboSx3PDXemUFI2XfR9+7nWqjXbt+27x+YgacTV0PdpMCovrZLGS71mr1RxS/ARqrmxULZWBddDp1S0roqlp3KhcpPKZ+EMLuASLLiGCtTBBgcYvMIHfMIXOSdVck8e/qcZkv6cwhLE+QHMOGww</latexit>
q

<latexit sha1_base64="yJGy9UlxRRCNwZgFGvFX5NKfW7I=">AAABlnicZY5LT8JAFIXv4AvrC3Vj4sbIxhVpkURXBkMacQEWeRogZDpcyIRpO3amJk1D4t6t/jj/jajdAN/q5Nxzk8+Vgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VRCHDNgtEEPZcqlBwH9uaa4E9GSL1XIFdd1b5vXffMFQ88Fs6ljj06NTnE86oXlSN11EubxbMPy7Wg5WGPKQ4o9z7YBywyENfM0GV6lum1MOEhpozgXPDGEg6RaVjgQl6UsdzYxAplJTNFn3febabdr1133p8qg+TWlwJPI/649LSKqm9VG1npYqbgo9RzY2FsrUquB46xYJ1XSg2SvnybSqfhXO4hCuw4AbKUAUH2sAA4QM+4YuckTtik4f/aYakP6ewBHF+ACgBamY=</latexit>

q̄
<latexit sha1_base64="G5M90YMyPAiUync/hoXca4E8lS4=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ5XMjJtx85g0jQkPoJbfTPfRtRugG91cu65yedJwZU2zW+SWVvf2NzKbhs7u3v7B7nDo44KpxFDh4UijHoeVSh4gI7mWmBPRkh9T2DXm1R/7903jBQPg7aOJQ58Og74M2dUz6uO69Eo/zrMFcyi+Ud+NVhpKECKPcy9u6OQTX0MNBNUqb5lSj1IaKQ5EzgzDFfSMSodC0zQlzqeGe5UoaRsMu/79mOtVWu2r9s3981B0oiroe/TYFReWCWNp3rNXqriluAjVDNjrmwtC66GTqloXRRLD+VC5SqVz8IJnME5WHAJFaiDDQ4weIEP+IQvckqq5Jbc/U8zJP05hgWI8wPqGmxJ</latexit>

X
<latexit sha1_base64="GrjU1aHMs5y3vtNb1Qhm7YPhITo=">AAABwXicZY/LTsJAFIZP8Yb1hrp0Y2TjirRooksMkGACWORqKCHT9kAmTNtJZ9A0kz6BW30Kn8i3sWg3yL85f75zy+9wRoU0jG8tt7W9s7uX39cPDo+OTwqnZwMRLiMX+27IwmjkEIGMBtiXVDIc8QiJ7zAcOovqqj98xUjQMOjJmOPEJ/OAzqhLZIo6o2mhaJSMX11uGjMzRchkTQtfthe6Sx8D6TIixNg0uJwoEknqMkx03eZkjkLGDBX6XMaJbi8FcuIuUj62nuvderv30Ht8ak9UK66Gvk8C73ZtSrVeGnUrRR7ObAsHyl4GKq1Jhpo1ZTfTjB6x31QtWf+wutpl1EOR6Gk683+WTTMol8ybUrlzW6zcZznzcAFXcA0m3EEFGmBBH1xAeIcP+NSqGtW4Fv2N5rRs5xzWpKkf3O17Yg==</latexit>

X̄<latexit sha1_base64="4KBIFy/yHoFtHArdoSBVuUM+y+k=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ4XMjJtJ53BpGlIfAS3+ma+jajdAN/q5Nxzk8+Tgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VziKGDgtFGPU8qlDwAB3NtcCejJD6nsCuN63+3rtvGCkeBm0dSxz4dBLwMWdUL6qO69Eo3xvmCmbR/CO/Hqw0FCDFHube3VHIZj4GmgmqVN8ypR4kNNKcCZwbhivpBJWOBSboSx3PDXemUFI2XfR9+7nWqjXbt+27x+YgacTV0PdpMCovrZLGS71mr1RxS/ARqrmxULZWBddDp1S0roqlp3KhcpPKZ+EMLuASLLiGCtTBBgcYvMIHfMIXOSdVck8e/qcZkv6cwhLE+QHMOGww</latexit>

X
<latexit sha1_base64="GrjU1aHMs5y3vtNb1Qhm7YPhITo=">AAABwXicZY/LTsJAFIZP8Yb1hrp0Y2TjirRooksMkGACWORqKCHT9kAmTNtJZ9A0kz6BW30Kn8i3sWg3yL85f75zy+9wRoU0jG8tt7W9s7uX39cPDo+OTwqnZwMRLiMX+27IwmjkEIGMBtiXVDIc8QiJ7zAcOovqqj98xUjQMOjJmOPEJ/OAzqhLZIo6o2mhaJSMX11uGjMzRchkTQtfthe6Sx8D6TIixNg0uJwoEknqMkx03eZkjkLGDBX6XMaJbi8FcuIuUj62nuvderv30Ht8ak9UK66Gvk8C73ZtSrVeGnUrRR7ObAsHyl4GKq1Jhpo1ZTfTjB6x31QtWf+wutpl1EOR6Gk683+WTTMol8ybUrlzW6zcZznzcAFXcA0m3EEFGmBBH1xAeIcP+NSqGtW4Fv2N5rRs5xzWpKkf3O17Yg==</latexit>

q
<latexit sha1_base64="yJGy9UlxRRCNwZgFGvFX5NKfW7I=">AAABlnicZY5LT8JAFIXv4AvrC3Vj4sbIxhVpkURXBkMacQEWeRogZDpcyIRpO3amJk1D4t6t/jj/jajdAN/q5Nxzk8+Vgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VRCHDNgtEEPZcqlBwH9uaa4E9GSL1XIFdd1b5vXffMFQ88Fs6ljj06NTnE86oXlSN11EubxbMPy7Wg5WGPKQ4o9z7YBywyENfM0GV6lum1MOEhpozgXPDGEg6RaVjgQl6UsdzYxAplJTNFn3febabdr1133p8qg+TWlwJPI/649LSKqm9VG1npYqbgo9RzY2FsrUquB46xYJ1XSg2SvnybSqfhXO4hCuw4AbKUAUH2sAA4QM+4YuckTtik4f/aYakP6ewBHF+ACgBamY=</latexit>

q̄
<latexit sha1_base64="G5M90YMyPAiUync/hoXca4E8lS4=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ5XMjJtx85g0jQkPoJbfTPfRtRugG91cu65yedJwZU2zW+SWVvf2NzKbhs7u3v7B7nDo44KpxFDh4UijHoeVSh4gI7mWmBPRkh9T2DXm1R/7903jBQPg7aOJQ58Og74M2dUz6uO69Eo/zrMFcyi+Ud+NVhpKECKPcy9u6OQTX0MNBNUqb5lSj1IaKQ5EzgzDFfSMSodC0zQlzqeGe5UoaRsMu/79mOtVWu2r9s3981B0oiroe/TYFReWCWNp3rNXqriluAjVDNjrmwtC66GTqloXRRLD+VC5SqVz8IJnME5WHAJFaiDDQ4weIEP+IQvckqq5Jbc/U8zJP05hgWI8wPqGmxJ</latexit>

X̄<latexit sha1_base64="4KBIFy/yHoFtHArdoSBVuUM+y+k=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ4XMjJtJ53BpGlIfAS3+ma+jajdAN/q5Nxzk8+Tgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VziKGDgtFGPU8qlDwAB3NtcCejJD6nsCuN63+3rtvGCkeBm0dSxz4dBLwMWdUL6qO69Eo3xvmCmbR/CO/Hqw0FCDFHube3VHIZj4GmgmqVN8ypR4kNNKcCZwbhivpBJWOBSboSx3PDXemUFI2XfR9+7nWqjXbt+27x+YgacTV0PdpMCovrZLGS71mr1RxS/ARqrmxULZWBddDp1S0roqlp3KhcpPKZ+EMLuASLLiGCtTBBgcYvMIHfMIXOSdVck8e/qcZkv6cwhLE+QHMOGww</latexit>

à responsible for SSA

: subdominant
[SSA scenario works!]
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<latexit sha1_base64="owPpbbNvSs8nRPIOepcEAJpvkCg=">AAAB/XicZVDLTsJAFJ36xPpCXboxkhhX2AKJLjVAggkgyNM4SIb2QibOtLUzYJqm8Sv8BHfGLd/iwq3+hoNionhWJ+eek3vP7XmMCmkYr9rc/MLi0nJsRV9dW9/YjG9tN4U79C1oWC5z/XaPCGDUgYakkkHb84HwHoNW7zY7mbdG4AvqOnUZeNDhZODQPrWIVFI3Xj3Agg44wfehivk+cQbAwZGRkrl5hIu5mzAVYaz/8hGbqvQIfjzizpch77Zv0soedeMJI2l8Ye8/MackgaaodOOP2Hat4WSrxYgQ16bhyU5IfEktBpGuY48MQMiAQQjck0Gk46EAj1i3Sr+uXOZr+XL9rH5+Ue6EpSDrck4cO/PHFZauCvnKjBTUGLVBKNWGvjo9xEX1OHvSMRdNepizV/8nzVTSTCdT1Uzi9GTaKIZ20T46RCY6RqeogCqogSw0Rm/oHX1oD9qT9qy9fFvntGlmB/2BNv4E2XyUvg==</latexit>
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Processes for Second-stage annihilation

1) Rearrangement

2) Radiative processes such as

Our work suggests:

X+ X̄ �� (XX̄)+ φ
<latexit sha1_base64="PlHgBW39X/PmWKSbtDRvtjdWpII=">AAAB6HicZZBLT8JAFIWnPrG+UJduiCRGY0JaJNElBkgwAawKWOMQMm0vMDJ9ZGaQkKb/wIU749atO7f6R/w3Fu0GPZs5+ebMvTljBYwKqWlfytz8wuLScmpFXV1b39hMb223hT/iNrRsn/nctIgARj1oSSoZmAEH4loMbqxhaXp/8wBcUN9rykkAHZf0PdqjNpEx6qb3zSNsEZ4xMfO9Pqf9gSSc++PMgfnLD49wMKDddFbLaT/K/Dd6YrIokdFNv2HHt0cueNJmRIg7XQtkJyRcUptBpKo4IH0QcsIgBDeQk0jFIwEBsYcxvzOuKteVRvOseX7R6IT1Scl3XeI5hZlUWL+tVowYOdDDBrRDPPLC+IwSVCuHuBZ/hUPwOCxHsxumU68ZdUBEatxO/9vlv2nnc/pxLn9ZyBZPk54ptIv20AHS0QkqoioyUAvZ6BG9ow/0qdwrT8qz8vIbnVOSNztoRsrrN46Piig=</latexit>

with "q"s as spectators

HX + H̄X �� (XX̄)+ (qq̄)
<latexit sha1_base64="4l6p7gWQFBR9Zb7JkREKJ3OLjjs=">AAAB8XicZZDLTsJAFIan3q031KUbIhsICbZooksNkGCCWOVWwxAybY84cXpxZpCQpo/hwp1x6yO41YfwbSzYDfJvzpf/XCb/WAGjQmraj7KwuLS8srq2rm5sbm3vpHb32sIfchtats98blpEAKMetCSVDMyAA3EtBh3rsTTpd56BC+p7TTkOoOeSgUfvqU1kbPVTR9W+mccW4ekYMPO9AaeDB0k490fprDntmLl89mlKT7l+KqMVtKnS86AnkEGJjH7qAzu+PXTBkzYjQnR1LZC9kHBJbQaRquKADEDIMYMQ3ECOIxUPBQTEfoz9rnFbaVTqzYvm5XW9F16NS77rEs85mZkKr+6qFSO2HLjHBrRDPPTCuEaJVSuHuBb/iUPwKCxHsy9MrjYYdUBEapxO/59lHtrFgn5cKN6cZM7Pkpxr6AAdoizS0Sk6R1VkoBay0Qv6RF/oWxHKq/KmvP+NLijJzj6akfLxC+FWjRc=</latexit>

some light particles (model dependent)

à responsible for SSA

: subdominant
[SSA scenario works!]
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σrearrangement � 1/Λ2
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σradiative � 1/
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<latexit sha1_base64="owPpbbNvSs8nRPIOepcEAJpvkCg=">AAAB/XicZVDLTsJAFJ36xPpCXboxkhhX2AKJLjVAggkgyNM4SIb2QibOtLUzYJqm8Sv8BHfGLd/iwq3+hoNionhWJ+eek3vP7XmMCmkYr9rc/MLi0nJsRV9dW9/YjG9tN4U79C1oWC5z/XaPCGDUgYakkkHb84HwHoNW7zY7mbdG4AvqOnUZeNDhZODQPrWIVFI3Xj3Agg44wfehivk+cQbAwZGRkrl5hIu5mzAVYaz/8hGbqvQIfjzizpch77Zv0soedeMJI2l8Ye8/MackgaaodOOP2Hat4WSrxYgQ16bhyU5IfEktBpGuY48MQMiAQQjck0Gk46EAj1i3Sr+uXOZr+XL9rH5+Ue6EpSDrck4cO/PHFZauCvnKjBTUGLVBKNWGvjo9xEX1OHvSMRdNepizV/8nzVTSTCdT1Uzi9GTaKIZ20T46RCY6RqeogCqogSw0Rm/oHX1oD9qT9qy9fFvntGlmB/2BNv4E2XyUvg==</latexit>

Remark
Both should be followed by

-decays: (XX̄)
<latexit sha1_base64="+sKe6U8P8x6ZfUEW3KEkJaCW4s0=">AAABnnicZY7LTsJAFIbP4A3rDXXphsgGN6RFEl1iCAYXQJVbCSVkOhzJhJm26QwmTUPiO7jVB/NtRO0G+FZ//vOf5PNCwZU2zW+S2dnd2z/IHhpHxyenZ7nzi74KFhHDHgtEEDkeVSi4jz3NtUAnjJBKT+DAm9d+74M3jBQP/K6OQxxLOvP5K2dUr6ph0XE9GuWdm0muYJbMP/LbwUpDAVLsSe7dnQZsIdHXTFClRpYZ6nFCI82ZwKVhuCGdodKxwARlqOOl4S4UhpTNV/3Ifql36q3uQ/ep3RonzbgWSEn9aWVtlTSHjbq9UcUdwaeolsZK2doU3A79csm6LZWfK4XqfSqfhSu4hiJYcAdVaIANPWAg4QM+4YvkySNpkvb/NEPSn0tYgzg/CeNs9w==</latexit>

(XX̄)� G and/or (qq̄)
<latexit sha1_base64="uhhAmJRuNgqEWIXC6hUAafESjM0=">AAABv3icZY7LTsJAAEWn+ML6qrp0Q2RTNtgiiS4hhIgLsMrTUEKmw0gmTDtDZzA2TRu/wK9xq//h31ixG+Cubu4jOQ6nREjD+FEyW9s7u3vZffXg8Oj4RDs96wm28BHuIkaZP3CgwJR4uCuJpHjAfQxdh+K+M6v99f1X7AvCvI4MOB65cOqRF4KgTKKxpusD24F+blCwJcvd2RK/yTCOoTe5Yn4cR/p8Wc8LYy1vFI2lcpvGTE0epLLG2rs9YWjhYk8iCoUYmgaXoxD6kiCKI1W1OZxiIQOKQ+xyGUSqvRCYQzRL8qH1VG/XW51q5/6hNQqbQY25bkJVXlmFzedG3VqLgjYlEywiNUE21wE3Ta9UNK+LpcdyvnKbwmfBBbgEOjDBDaiABrBAFyDwAT7BF/hWqspU8RT+P80o6eccrEgJfgEoq3o8</latexit>

(otherwise X-number conservation).

So DM relic density is
sensitive also to

Γ(XX̄) and 2mHX � m(XX̄)
<latexit sha1_base64="CzAnpgyfGGhFRNbjlkyuJEq4BHM=">AAABz3icZY7LTsJAGIWnXrHeqi7dNLLBhaRFElliCBEXYJFbDSXNdBjJhJm26Qxq07Rh60v4NG5179tYtQuBs/py/vMnn+NTwoWmfUlr6xubW9u5HXl3b//gUDk67nNvFiDcQx71AtOBHFPi4p4ggmLTDzBkDsUDZ1r7uQ+ecMCJ53ZF6OMRgxOXPBIERVrZSsW6gYxBOyqYlgMD1TyPLYFfRJQk0B0nSVxidtSwzVi9UNn/la3ktaL2G3UV9AzyIIthK3Nr7KEZw65AFHI+1DVfjCIYCIIojmXZ8uEEcxFSHGHmizCWrRnHPkTTtB8a9/VOvdW97t7etUZRM6x5qbY7Li+souZDo24sVWGHkjHmsZwq68uCq9AvFfXLYqldzlcrmXwOnIIzUAA6uAJV0AAG6AEE3sA7+ACfUlt6lhJp/jddk7KfE7AQ6fUbmr6AsA==</latexit>

(but beyond the scope of this work).
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Agenda

1. Introduction

2. Dark QCD models and Our toy model

3. Annihilation cross section:
Ø "Rearrangement" is the dominant process.

4. Conclusion

σannihil. � Λ�2D
?
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Potential-scattering problem

Ø Lattice QCD

Ø perturbative non-relativistic QCD (pNRQCD)

Ø If                , we can use semi-classical analysis.
... calculate semi-classically and extrapolate;

"Quantum-mechanical scattering under Cornell potentials".

HX = (Xq̄)-meson
<latexit sha1_base64="Td9q6x8bKE/3lZPQZKPAe++srz8=">AAAB13icZY/LTsJAFIanXrHeUOPKDREWuJC0aKIbEwyQYAJY5VZCCZm2B9IwvdiZappJ48649RHcyhP5NhbtBvk35893bvl1j1iUSdK3sLK6tr6xmdoSt3d29/bTB4dd6ga+AR3DJa6v6pgCsRzoMIsRUD0fsK0T6OnT8rzfewafWq7TZqEHQxtPHGtsGZjFaJQ+ztVG6k1e1XTsZ57Ocuc20DnPSgXpV5llIycmixIpo/RMM10jsMFhBsGUDmTJY0OOfWYZBCJR1Dw8AcpCAhxsj4WRqAUUPGxMYz5QHqutarN92767bw55Iyy7to0d83Jhijf6taoSIxPGmgJdrgUOj2uUoHqFa/U4uYm1F16JFj/Mr7aIZQKNxDid/D/LsukWC/JFofhQzJauk5wpdIJOUR7J6AqVUA0pqIMMxNEn+kIzoS+8Cm/C+9/oipDsHKEFCR8/+6aCnw==</latexit>

X
<latexit sha1_base64="GrjU1aHMs5y3vtNb1Qhm7YPhITo=">AAABwXicZY/LTsJAFIZP8Yb1hrp0Y2TjirRooksMkGACWORqKCHT9kAmTNtJZ9A0kz6BW30Kn8i3sWg3yL85f75zy+9wRoU0jG8tt7W9s7uX39cPDo+OTwqnZwMRLiMX+27IwmjkEIGMBtiXVDIc8QiJ7zAcOovqqj98xUjQMOjJmOPEJ/OAzqhLZIo6o2mhaJSMX11uGjMzRchkTQtfthe6Sx8D6TIixNg0uJwoEknqMkx03eZkjkLGDBX6XMaJbi8FcuIuUj62nuvderv30Ht8ak9UK66Gvk8C73ZtSrVeGnUrRR7ObAsHyl4GKq1Jhpo1ZTfTjB6x31QtWf+wutpl1EOR6Gk683+WTTMol8ybUrlzW6zcZznzcAFXcA0m3EEFGmBBH1xAeIcP+NSqGtW4Fv2N5rRs5xzWpKkf3O17Yg==</latexit>

q
<latexit sha1_base64="yJGy9UlxRRCNwZgFGvFX5NKfW7I=">AAABlnicZY5LT8JAFIXv4AvrC3Vj4sbIxhVpkURXBkMacQEWeRogZDpcyIRpO3amJk1D4t6t/jj/jajdAN/q5Nxzk8+Vgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VRCHDNgtEEPZcqlBwH9uaa4E9GSL1XIFdd1b5vXffMFQ88Fs6ljj06NTnE86oXlSN11EubxbMPy7Wg5WGPKQ4o9z7YBywyENfM0GV6lum1MOEhpozgXPDGEg6RaVjgQl6UsdzYxAplJTNFn3febabdr1133p8qg+TWlwJPI/649LSKqm9VG1npYqbgo9RzY2FsrUquB46xYJ1XSg2SvnybSqfhXO4hCuw4AbKUAUH2sAA4QM+4YuckTtik4f/aYakP6ewBHF+ACgBamY=</latexit>

q̄
<latexit sha1_base64="G5M90YMyPAiUync/hoXca4E8lS4=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ5XMjJtx85g0jQkPoJbfTPfRtRugG91cu65yedJwZU2zW+SWVvf2NzKbhs7u3v7B7nDo44KpxFDh4UijHoeVSh4gI7mWmBPRkh9T2DXm1R/7903jBQPg7aOJQ58Og74M2dUz6uO69Eo/zrMFcyi+Ud+NVhpKECKPcy9u6OQTX0MNBNUqb5lSj1IaKQ5EzgzDFfSMSodC0zQlzqeGe5UoaRsMu/79mOtVWu2r9s3981B0oiroe/TYFReWCWNp3rNXqriluAjVDNjrmwtC66GTqloXRRLD+VC5SqVz8IJnME5WHAJFaiDDQ4weIEP+IQvckqq5Jbc/U8zJP05hgWI8wPqGmxJ</latexit>

X̄<latexit sha1_base64="4KBIFy/yHoFtHArdoSBVuUM+y+k=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ4XMjJtJ53BpGlIfAS3+ma+jajdAN/q5Nxzk8+Tgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VziKGDgtFGPU8qlDwAB3NtcCejJD6nsCuN63+3rtvGCkeBm0dSxz4dBLwMWdUL6qO69Eo3xvmCmbR/CO/Hqw0FCDFHube3VHIZj4GmgmqVN8ypR4kNNKcCZwbhivpBJWOBSboSx3PDXemUFI2XfR9+7nWqjXbt+27x+YgacTV0PdpMCovrZLGS71mr1RxS/ARqrmxULZWBddDp1S0roqlp3KhcpPKZ+EMLuASLLiGCtTBBgcYvMIHfMIXOSdVck8e/qcZkv6cwhLE+QHMOGww</latexit>
q

<latexit sha1_base64="yJGy9UlxRRCNwZgFGvFX5NKfW7I=">AAABlnicZY5LT8JAFIXv4AvrC3Vj4sbIxhVpkURXBkMacQEWeRogZDpcyIRpO3amJk1D4t6t/jj/jajdAN/q5Nxzk8+Vgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VRCHDNgtEEPZcqlBwH9uaa4E9GSL1XIFdd1b5vXffMFQ88Fs6ljj06NTnE86oXlSN11EubxbMPy7Wg5WGPKQ4o9z7YBywyENfM0GV6lum1MOEhpozgXPDGEg6RaVjgQl6UsdzYxAplJTNFn3febabdr1133p8qg+TWlwJPI/649LSKqm9VG1npYqbgo9RzY2FsrUquB46xYJ1XSg2SvnybSqfhXO4hCuw4AbKUAUH2sAA4QM+4YuckTtik4f/aYakP6ewBHF+ACgBamY=</latexit>

q̄
<latexit sha1_base64="G5M90YMyPAiUync/hoXca4E8lS4=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ5XMjJtx85g0jQkPoJbfTPfRtRugG91cu65yedJwZU2zW+SWVvf2NzKbhs7u3v7B7nDo44KpxFDh4UijHoeVSh4gI7mWmBPRkh9T2DXm1R/7903jBQPg7aOJQ58Og74M2dUz6uO69Eo/zrMFcyi+Ud+NVhpKECKPcy9u6OQTX0MNBNUqb5lSj1IaKQ5EzgzDFfSMSodC0zQlzqeGe5UoaRsMu/79mOtVWu2r9s3981B0oiroe/TYFReWCWNp3rNXqriluAjVDNjrmwtC66GTqloXRRLD+VC5SqVz8IJnME5WHAJFaiDDQ4weIEP+IQvckqq5Jbc/U8zJP05hgWI8wPqGmxJ</latexit>

X
<latexit sha1_base64="GrjU1aHMs5y3vtNb1Qhm7YPhITo=">AAABwXicZY/LTsJAFIZP8Yb1hrp0Y2TjirRooksMkGACWORqKCHT9kAmTNtJZ9A0kz6BW30Kn8i3sWg3yL85f75zy+9wRoU0jG8tt7W9s7uX39cPDo+OTwqnZwMRLiMX+27IwmjkEIGMBtiXVDIc8QiJ7zAcOovqqj98xUjQMOjJmOPEJ/OAzqhLZIo6o2mhaJSMX11uGjMzRchkTQtfthe6Sx8D6TIixNg0uJwoEknqMkx03eZkjkLGDBX6XMaJbi8FcuIuUj62nuvderv30Ht8ak9UK66Gvk8C73ZtSrVeGnUrRR7ObAsHyl4GKq1Jhpo1ZTfTjB6x31QtWf+wutpl1EOR6Gk683+WTTMol8ybUrlzW6zcZznzcAFXcA0m3EEFGmBBH1xAeIcP+NSqGtW4Fv2N5rRs5xzWpKkf3O17Yg==</latexit>

X̄<latexit sha1_base64="4KBIFy/yHoFtHArdoSBVuUM+y+k=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ4XMjJtJ53BpGlIfAS3+ma+jajdAN/q5Nxzk8+Tgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VziKGDgtFGPU8qlDwAB3NtcCejJD6nsCuN63+3rtvGCkeBm0dSxz4dBLwMWdUL6qO69Eo3xvmCmbR/CO/Hqw0FCDFHube3VHIZj4GmgmqVN8ypR4kNNKcCZwbhivpBJWOBSboSx3PDXemUFI2XfR9+7nWqjXbt+27x+YgacTV0PdpMCovrZLGS71mr1RxS/ARqrmxULZWBddDp1S0roqlp3KhcpPKZ+EMLuASLLiGCtTBBgcYvMIHfMIXOSdVck8e/qcZkv6cwhLE+QHMOGww</latexit>

too much...

σrearrangement
<latexit sha1_base64="zZv/QxlNriESY0E6Jw594h+ECF0=">AAABu3icZU7LSsNQFDyprxpfUZduxLpwVZJa0I1QKYW6aI32KU0pN7fHcO3Ng9wbJYSAa7/Grf6Jf2Oq2bSdzRnmzAxjB5wJqes/SmFtfWNzq7it7uzu7R9oh0d94UchxR71uR8ObSKQMw97kkmOwyBE4tocB/asPv8PXjEUzPe6Mg5w7BLHY8+MEplJE+3csn0+FbGbncQSzHGJ9ZZkDWFIPAdd9GSaTrSSXtb/cLpKjJyUIIc50d6tqU+jeZpyIsTI0AM5TkgoGeWYqqoVEAeFjDkm6AYyTlUrEhgQOsv0kfnY6DTa3dvu3X17nLTiuu+6xJtWF1xJ66nZMJekuMPZFEWqZpON5YGrpF8pG5flykO1VLvOxxfhBM7gAgy4gho0wYQeUPiAT/iCb+VGocqLwv+tBSXPHMMClOgXQrd6sg==</latexit>

mq � ΛD
<latexit sha1_base64="bUo5Sc7HJ0rnAUwkNZcVncZ313A=">AAABrnicZY7LTsJAGIX/4g3rrerChRsiG1ekRRJdYpAEE8EqV0ObZjodcMJMWzuDpmma+C5u9YF8G6t2A5zVl3NJjhsyKqSufyuFtfWNza3itrqzu7d/oB0eDUQwjzDp44AF0chFgjDqk76kkpFRGBHEXUaG7qzxmw9fSSRo4PdkHBKbo6lPJxQjmVmOdsKdF2sqswIvWXfZzkPWW3KTOlpZr+h/Kq2CkUMZcpmO9m55AZ5z4kvMkBBjQw+lnaBIUsxIqqpWiKZEyJiRhPBQxqlqzQUJEZ5l/th8bHabnd517/a+YyftuBFwjnyvttBK2k+tprlkxV1GPSJSNbtsLB9chUG1YlxUqg+1cv0qP1+EUziDczDgEurQAhP6gCGFD/iEL0VXBoqtOP/VgpJvjmFByvMPVf5z/Q==</latexit>

potentials for quarkoniums:

�
�̄D = C�D; C = (C1 + C2 � C12) /2

�
<latexit sha1_base64="R4p9Mu9Xe4sxDWwyyzu2iGQ2/U0="></latexit>

dark-QCD coupling           quadratic Casimir of
constituent 1, 2, and
their bound state.

0.0 0.5 1.0 1.5 2.0 2.5
-3

-2

-1

0

1

2

r/��1
D

<latexit sha1_base64="xckIuf6ffWZBHc8mlcaZYZgXRlo=">AAABuXicZY9LT8JAFIVv8YX1hbp0Y2TjRmyRRBM3GCDBBLDKUymS6fSClekjnUFtmv4LVyb6v/w3Fu0GOauTe85J7md4zOJCUb6l1NLyyupael3e2Nza3sns7nW4O/UptqnLXL9nEI7McrAtLMGw5/lIbINh15iUZnn3BX1uuU5LBB4ObDJ2rJFFiYhPD/6pXis/hidqNMxklZzyq8NFoyYmC4m0YeZDN106tdERlBHO+6riiUFIfGFRhpEs6x4ZIxcBwxBtTwSRrE85eoRO4ntfu6s0K43WVev6pjEI60HJtW3imIW5Vli/r1a0+aF4m9WbzDKRx4mJoxgh1Gsxs0n017AcRXIMo/5/fdF08jn1LJe/LWSLFwlWGg7gCI5BhXMoQhU0aAMFB97hE76kS4lIT9LzXzUlJZt9mJPEfwDrs3f1</latexit>

V (r)/�D
<latexit sha1_base64="ZpWYw8xW7KZROpxtlxculrDvvHs=">AAABt3icZU/LTsJAFL3FF9YX6tKNkY1usEUSdYcBEkwAqzwNJWSYXnDC9GFnUJumP+FS/TH/xqLdIGd1ch7JOSOPMyE17VtJrayurW+kN9Wt7Z3dvcz+QUe4M59im7rc9XsjIpAzB9uSSY49z0dijzh2R9PS3O++oC+Y67Rk4OHAJhOHjRklMpZ6nVP/7NyslYeZrJbTfnG8TPSEZCGBMcx8mJZLZzY6knIiRF/XPDkIiS8Z5RipqumRCQoZcAzR9mQQqeZMoEfoNNb7xkOlWWm0blq3d41BWA9Krm0TxyospML6Y7ViLBbl2zze5MxCETsWjuP1oVmLH1vEfA3LUaTGZ/T/05dJJ5/TL3L5+0K2eJXcSsMRnMAp6HAJRaiCAW2gwOEdPuFLuVaGylh5+oumlKRzCAtQnn8APn121A==</latexit>

�̄D = 0.3
<latexit sha1_base64="tgYVgIqHbE1D9djeGXMWggTaz9E=">AAABw3icZY/LTsJAGIWneMN6q7h0Q2TjqmmBRDcmGGiCCWCVq2EImU4HnDBtJ51BaZq+iAu3+kq+jUW7Qc/q5D/nJP/ncEaFNIwvJbe1vbO7l99XDw6Pjk+008JABMsQkz4OWBCOHCQIoz7pSyoZGfGQIM9hZOgs6ut8+EJCQQO/JyNOJh6a+3RGMZLpaaoVoINCiBh/RvC12Lgx9MpUKxm68aPif2NmpgQy2VPtDboBXnrEl5ghIcamweUkRqGkmJFEVSFHcyJkxEhMPC6jRIVLQTjCi/Q+th+trtXp3fbu7juTuB3VA89DvlvdaMXtp6Zlbw7lal3vMuoSkSYumcFWI4atlN5NaeJGkqgpjPn39f9mUNbNil5+qJZq1xlWHpyDC3AJTHAFaqAJbNAHGKzAO/gAn4qlLJRQkb/VnJJtzsCGlOQbM5t7LQ==</latexit>

linear regime : "QCD string"

Coulombic regime

(C = (N2 � 1)/(2N) for our model)
<latexit sha1_base64="r4P80x9y5XubVesr3pkN+XtOCwE=">AAAB03icZVDLTsJAFJ3iC+ur6tJNIyxgIbbVRDcmGCDBBCrK01Ak0/ZCGqaPdAZNM+nGuDJx72e41T/xbyzKBj2rk3PPyb3nmgFxKFOULyG1tLyyupZeFzc2t7Z3pN29DvWnoQVtyyd+2DMxBeJ40GYOI9ALQsCuSaBrTkqzefcBQur4XotFAQxcPPackWNhlkhDKZvLli5yXL/XjtQ4f5zjmh7ns/LID+Vkhez6NpD8UMooBeUH8n+izkkGzdEYSm+G7VtTFzxmEUxpX1UCNuA4ZI5FIBZFI8BjoCwiwMENWBSLxpRCgK1Jovcbt5VmRW9dtq6u9QGvRyXfdbFnny64eP2uWmksBmfmJnFsoIluw8iolblRS75hY+ORl+NYTKqofw//TzpaQT0paDdapng+L5VGB+gQ5ZCKzlARVVEDtZGFXtA7+kCfQlvgwpPw/GtNCfPMPlqA8PoN8SB/kw==</latexit>

V (r) = � �̄D
r

+ �2
Dr

<latexit sha1_base64="qV8GyMYtsiioTb2c2dbyL3fVdK4=">AAAB13icZVDLTsJAFJ3iC+ur6tINkcRgjKRFEt2YYIAEE0CUdxgk0+mADdNHZga1aRp3xoUbt36GW/0R/8ai3SBndXIeyT1Xd6nJhap+S7GFxaXllfiqvLa+sbmlbO+0uDNhmDSxQx3W0REn1LRJU5iCko7LCLJ0Str6OD/12/eEcdOxG8JzSd9CI9scmhiJUBooB60UOzw/hkOGsA91xCCi7h2CD4lC4LPgCJYLt5kEGyhJNa3+IjFPtIgkQYTaQHmHhoMnFrEFpojznqa6ou8jJkxMSSDL0EUjwoVHiU8sV3iBDCecuAiPQ71XuynWi9XGRePyqtr3K17esSxkG9mZlF/ploq12aJ4nMbr1DQIDx2DDMMFPiyHHzHCVX4hCORwjPb/9HnSyqS1k3TmOpvMnUWz4mAP7IMU0MApyIESqIEmwOAVfIBP8CV1pSfpWXr5i8akqLMLZiC9/QBFf4M9</latexit>

HX + H̄X �� (XX̄)+ (qq̄)
<latexit sha1_base64="4l6p7gWQFBR9Zb7JkREKJ3OLjjs=">AAAB8XicZZDLTsJAFIan3q031KUbIhsICbZooksNkGCCWOVWwxAybY84cXpxZpCQpo/hwp1x6yO41YfwbSzYDfJvzpf/XCb/WAGjQmraj7KwuLS8srq2rm5sbm3vpHb32sIfchtats98blpEAKMetCSVDMyAA3EtBh3rsTTpd56BC+p7TTkOoOeSgUfvqU1kbPVTR9W+mccW4ekYMPO9AaeDB0k490fprDntmLl89mlKT7l+KqMVtKnS86AnkEGJjH7qAzu+PXTBkzYjQnR1LZC9kHBJbQaRquKADEDIMYMQ3ECOIxUPBQTEfoz9rnFbaVTqzYvm5XW9F16NS77rEs85mZkKr+6qFSO2HLjHBrRDPPTCuEaJVSuHuBb/iUPwKCxHsy9MrjYYdUBEapxO/59lHtrFgn5cKN6cZM7Pkpxr6AAdoizS0Sk6R1VkoBay0Qv6RF/oWxHKq/KmvP+NLijJzj6akfLxC+FWjRc=</latexit>
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Potential-scattering problem

HX + H̄X �� (XX̄)+ (qq̄)
<latexit sha1_base64="4l6p7gWQFBR9Zb7JkREKJ3OLjjs=">AAAB8XicZZDLTsJAFIan3q031KUbIhsICbZooksNkGCCWOVWwxAybY84cXpxZpCQpo/hwp1x6yO41YfwbSzYDfJvzpf/XCb/WAGjQmraj7KwuLS8srq2rm5sbm3vpHb32sIfchtats98blpEAKMetCSVDMyAA3EtBh3rsTTpd56BC+p7TTkOoOeSgUfvqU1kbPVTR9W+mccW4ekYMPO9AaeDB0k490fprDntmLl89mlKT7l+KqMVtKnS86AnkEGJjH7qAzu+PXTBkzYjQnR1LZC9kHBJbQaRquKADEDIMYMQ3ECOIxUPBQTEfoz9rnFbaVTqzYvm5XW9F16NS77rEs85mZkKr+6qFSO2HLjHBrRDPPTCuEaJVSuHuBb/iUPwKCxHsy9MrjYYdUBEapxO/59lHtrFgn5cKN6cZM7Pkpxr6AAdoizS0Sk6R1VkoBay0Qv6RF/oWxHKq/KmvP+NLijJzj6akfLxC+FWjRc=</latexit>

σrearrangement
<latexit sha1_base64="zZv/QxlNriESY0E6Jw594h+ECF0=">AAABu3icZU7LSsNQFDyprxpfUZduxLpwVZJa0I1QKYW6aI32KU0pN7fHcO3Ng9wbJYSAa7/Grf6Jf2Oq2bSdzRnmzAxjB5wJqes/SmFtfWNzq7it7uzu7R9oh0d94UchxR71uR8ObSKQMw97kkmOwyBE4tocB/asPv8PXjEUzPe6Mg5w7BLHY8+MEplJE+3csn0+FbGbncQSzHGJ9ZZkDWFIPAdd9GSaTrSSXtb/cLpKjJyUIIc50d6tqU+jeZpyIsTI0AM5TkgoGeWYqqoVEAeFjDkm6AYyTlUrEhgQOsv0kfnY6DTa3dvu3X17nLTiuu+6xJtWF1xJ66nZMJekuMPZFEWqZpON5YGrpF8pG5flykO1VLvOxxfhBM7gAgy4gho0wYQeUPiAT/iCb+VGocqLwv+tBSXPHMMClOgXQrd6sg==</latexit>

z

We can ignore
since size 

HX + H̄X
<latexit sha1_base64="MGc1HTec2aUYOvCvFGKkAc/o3tk=">AAABtnicZY/LTsJAFIaneMN6Q126IbIxMSEtksgSAySYAFa5GgbJdHogE6btpDNomqaPoVt9Ld/Gqt0A/+rLd85Jzm8LzqQyjG8ts7W9s7uX3dcPDo+OT3KnZwPpLwMKfepzPxjZRAJnHvQVUxxGIgDi2hyG9qL2Ox++QiCZ7/VUKGDikrnHZowSlSjcnI6usU2CfALTXMEoGn/Jb4KZQgGlsaa5d+z4dOmCpygnUo5NQ6hJRALFKIdY17Egc5Aq5BCBK1QY63gpQRC6SPzYemp0G53eXe/+oTOJ2mHNd13iOeWVraj93GxYayrscuaATKwDM9yqR7iVNHYIfovqcZz0MNe/3oRBqWjeFEuP5UK1kjbKogt0ia6QiW5RFTWRhfqIIoE+0Cf60iraiwba/H81o6U352glmvgBG1p21g==</latexit>

(XX̄)+ (qq̄)
<latexit sha1_base64="Ipqr5FRgcDIKEEtC75xVTfvpHbo=">AAABv3icZY/LTsJAFIZP8Yb1VmXphsgGYkJaJNElBEgwAUS51VBCptOBNEzboTNomqaP4dqtPpJvY8VugH/15TvnJOc3GbW5UNUfKbW3f3B4lD6WT07Pzi+Uy6sh91Y+JgPsUc/XTcQJtV0yELagRGc+QY5Jychc1P7mozfic9tz+yJgZOKguWvPbIxErKZKJq8bJvKzeuE2v1zTsjBVcmpRXSe7C1oCOUjSnSofhuXhlUNcgSnifKypTExC5AsbUxLJssHQnHARUBISh4kgko0VJwzhRezH3ZdGr9HpV/uPT51J2A5qnuMg1ypvbIXt12aju6WCHrUtwmNrkZnRqodGK65uIeM9rEdR3EPb/noXhqWidlcsPZdzlYekURqu4QbyoME9VKAJXRgAhgA+4Qu+pao0l1yJ/a+mpOQmAxuRgl8aV3k0</latexit>

IN OUT

interacting
A B

a b

H = Hfree +Hint
<latexit sha1_base64="/GVZP7ZFnCXWXeJdU7LUwFTXeX8="></latexit>

Hfree = (kinetic energies)
<latexit sha1_base64="cCnVuvob9GLW9LkfwjvOjiDMfYI="></latexit>

active for IN state active for OUT state

V (r) = � �̄D
r

+ �2
Dr

<latexit sha1_base64="qV8GyMYtsiioTb2c2dbyL3fVdK4=">AAAB13icZVDLTsJAFJ3iC+ur6tINkcRgjKRFEt2YYIAEE0CUdxgk0+mADdNHZga1aRp3xoUbt36GW/0R/8ai3SBndXIeyT1Xd6nJhap+S7GFxaXllfiqvLa+sbmlbO+0uDNhmDSxQx3W0REn1LRJU5iCko7LCLJ0Str6OD/12/eEcdOxG8JzSd9CI9scmhiJUBooB60UOzw/hkOGsA91xCCi7h2CD4lC4LPgCJYLt5kEGyhJNa3+IjFPtIgkQYTaQHmHhoMnFrEFpojznqa6ou8jJkxMSSDL0EUjwoVHiU8sV3iBDCecuAiPQ71XuynWi9XGRePyqtr3K17esSxkG9mZlF/ploq12aJ4nMbr1DQIDx2DDMMFPiyHHzHCVX4hCORwjPb/9HnSyqS1k3TmOpvMnUWz4mAP7IMU0MApyIESqIEmwOAVfIBP8CV1pSfpWXr5i8akqLMLZiC9/QBFf4M9</latexit>

� 1/ΛD.
<latexit sha1_base64="X3FPj1PDBIAKu54autZpc1hcbOQ=">AAABu3icZU/LTsJAFL3FF9YX6tKNkY0rbJFENyYYIMEEsMrTUCTD9EJGpo90ppqm6X+w1b/ybyzaDXJWJ+eRnDPxOBNS076VzMbm1vZOdlfd2z84PModn/SEG/gUu9Tlrj+YEIGcOdiVTHIceD4Se8KxP5lXln7/HX3BXKcjQw9HNpk5bMookYn0anIUQjBbvzIb1cI4l9cK2i/O14mekjykMMa5hWm5NLDRkZQTIYa65slRRHzJKMdYVU2PzFDIkGOEtifDWDUDgR6h80QfGs+1dq3Vue88PLZGUTOsuLZNHKu0koqaL/WasVpchtucWSgS3cJpMj4yG8lri5gfUTWO1eSK/n/4OukVC/p1ofhUypdv01NZOIMLuAQdbqAMdTCgCxR8WMAnfCl3ClXeFP4XzShp5xRWoAQ/UPl4ug==</latexit>

Hint = VAa + VBb + VAB + Vab + VAb + VaB

= � �̄D
�rAa�

� �̄D
�rBb�

� �̄D
�rAB�

� �̄D
�rab�

+ �̄D
�rAb�

+ �̄D
�raB�

<latexit sha1_base64="GnQwFhZcHc9igvQf/0e0jLxvQ98="></latexit>

= equivalent to hydrogen-antihydrogen rearrangement.
Froelich, Jonsell, Saens, Zygelman, Dalgarno
PRL 84 (2000) 4577, PRA 64 (2001) 052712, JPB 37 (2004) 1195.
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https://iopscience.iop.org/article/10.1088/0953-4075/37/6/005/meta


Review: Potential scattering [e.g., Weinberg, Lectures on Quantum Mechanics, f8.1]

|�+
� � =:

�
d� S�� |��� �

<latexit sha1_base64="ySWNO9LuthTV2gMUAJenbo32xMM=">AAAB9nicZVDLSsNAFJ34rPEVdelG7EZQS1ILiiBU2oKCj2if0mnDJLnq0MmDzFQNIT/iwp24cOOvuFR/xmiDUHtWh/OAe67pM8qFqn5IY+MTk1PTmRl5dm5+YVFZWm5wrx9YULc85gUtk3Bg1IW6oIJByw+AOCaDptkr/fjNOwg49dyaCH3oOOTGpdfUIiKRDKWCeyAirHPa3TQwYf4tiQ/2MXUFtm1sgiB4q2pEAzaw/xppvrsdG0pWzam/WBslWkqyKIVuKI/Y9qy+A66wGOG8ram+6EQkENRiEMsy9skNcBEyiMDxRRjLuM/BJ1Yv0dv6ZaVaOasd1o7PzzrRaVjyHIe4dmEoFZ1eHVX04aJ4+IlXGbWBJ44N1/ikHOGT5GE2wfdROY7lZIz2//RR0sjntJ1c/qKQLe6lszJoFa2jDaShXVRER0hHdWShV/SOPtGX9CA9Sc/SyyA6JqWdFTQE6e0bqVyRzw==</latexit>

S�� = �(� � �) � 2�i�(E� � E�) ��� |V |�+
� �

=: �(� � �) + �(4)(p� � p�)M��
<latexit sha1_base64="5puiCLj36a/9QdWRbTT1RLl8PnM="></latexit>

Definition of S-matrix

�AB�12 = 1
2EA2EBvrel

� d�
4�

2p
8�E

�
(4�)4EAEBE1E2 |M|2

�

= (2�)2
�
p�
p�

�
µ�µ� |M|2 d�

<latexit sha1_base64="eodo0FPw+azL7gkYJApI6vdCWUI="></latexit>

Definitions of IN states          and OUT states|�+
� � |��� �:

<latexit sha1_base64="+OKD3pKdr6TOkYDTywuKYADc/II=">AAAB93icZVBLT8JAGNz6xPpCPXpphIOJkbRoovGEAQwmgFWpj7jYLO0Hbtg+0l3Upqk/xIs348GLf8Wb0R9j1V6QOU2+mUlmvo7PKBeq+iGNjU9MTk1nZuTZufmFxezS8hn3BoEFhuUxL7joEA6MumAIKhhc+AEQp8PgvNMv/+jntxBw6rktEfrQdkjPpV1qEZGczOxBHvdBRFjn1MSE+TfkeiPOKzghrvCciLi2cmS0FC6IAP4QK6P+zTi/Z2ZzakH9hTJKtJTkUArdzD5i27MGDrjCYoTzK031RTsigaAWg1iWsU96wEXIIALHF2Es4wEHn1j95H6ln1RPq83WfuvwqNmOGmHZc5yk6vaQK2pc1qr6cFDc/9hPGbWBJ4oNXVyvRLiefMwm+C6qxLGcjNH+Vx8lZ8WCtlUoHhdzpd10VgatojW0jjS0g0qohnRkIAu9onf0ib6kUHqSnqWXP+uYlGZW0BCkt2+KUpDj</latexit>�
d� g(�)e�iE�t |�±� �

t�����������
�

d� g(�)e�iE�t |���
<latexit sha1_base64="LFR6vqjXSqJowYTcDlH+20JAsZo="></latexit>

(defining M-matrix)

|�±� � = |���+ (E� �H0 ± i�)�1 V |�±� �
<latexit sha1_base64="CrisoaX+ue4PJYFXkmyzq8aTUVU="></latexit>

Lippmann-Schwinger eq.

[momenta and reduced masses of initial/final system]

�
S�� = ���� |�+

� �
�

<latexit sha1_base64="Rl0jzuRhhT6yp4HUv1BUR6zlJxA=">AAAB8XicZVDLSsNAFJ34Nr6iLt2I3VTEklRBN0LVFiq0NdqX4tQwSa516ORBZqqGmA/Rlbhw46+4VfBvTGs21bM69zzg3mv6jHKhqt/S2PjE5NT0zKw8N7+wuKQsr7S41w8saFoe84ILk3Bg1IWmoILBhR8AcUwGbbN3PPDbdxBw6rkNEfrQcUjXpTfUIiKRDKWAj2iXZetGhE0QBBPm35L4AJsB6YGIsM7p9bYx9B6Hw5aRZgbFYFM2lIyaU4dY/0+0lGRQCt1QnrHtWX0HXGExwvmVpvqiE5FAUItBLMvYJ13gImQQgeOLMJZxn4NPrF6iX+nnpXqp1jhsnJzWOlE1PPYch7j27kgqql6WS/poUTwM4nVGbeCJY8MNrhQjXEl+ZRN8HxXjeHCM9nf1/6SVz2k7ufzZbqawn541g9bQBsoiDe2hAiojHTWRhd7QB/pEXxKXnqQX6fU3OialnVU0Aun9B9S7jtw=</latexit>

"free states"; orthonormal to each other.

* Schrödinger repr.V ~ 0 for separated particlesH = H0 + V ;
H |�±� � = E� |�±� �
H0 |��� = E� |���

<latexit sha1_base64="4/oUnP87/+R8jayxuioGjXKBEXQ="></latexit>

IN/OUT states are (subset of) H-eigenstates.
�

�t
|�; t� = �iH |�; t�

<latexit sha1_base64="44kBM2RB3Ms7oZRqbJGlomQN6S8=">AAAB23icZVBNSwJBGJ61L9u+rI5dJC8RJLsmFERgqGCgZvkZjsi4+yqDs7vDzljJsKdu0aFLl35I1/ob/ZvW8pD5nB6eD3ift8cZFdIwvrTIwuLS8kp0VV9b39jcim3vNIQ38i2oWx7z/FaPCGDUhbqkkkGL+0CcHoNmb5id+M078AX13Jocc+g4ZODSPrWIDKVu7BBzm/b7KlAywEOQCnNBz2RwfoQpjRf+St1YwkgaP4jPE3NKEmiKSjf2hm3PGjngSosRIdqmwWVHEV9Si0Gg65iTAQg5ZqDA4XIc6HgkgBNrGOrtyk2+mi/XLmqXV+WOKo2znuMQ107PpFTptpCvzBblwyReZdQGETo29HExp3Ax/IpN8L3KBYEejjH/nz5PGqmkeZxMXacTmdPprCjaQ/voAJnoBGVQAVVQHVnoBb2jD/SpdbRH7Ul7/o1GtGlnF81Ae/0Gq0eGzA==</latexit>

|�� := |�; 0�
<latexit sha1_base64="xebBAIOxMN1FlAcZ+ssDKgxLH8A=">AAAByXicZVDLTsJAFJ3iC+ur6sbEjZGNK9IiiUZjggESjIAoT0MJmU4vZML0YWdQalM3/oVrt/o//o1FGxPkrE7OI7nnGi6jXKjql5RYWFxaXkmuymvrG5tbyvZOiztjj0CTOMzxOgbmwKgNTUEFg47rAbYMBm1jlJ/67UfwOHXshvBd6Fl4aNMBJVhEUl/Z00cgAt3lNDy7+OPnathXUmpa/cHBPNFikkIxan3lTTcdMrbAFoRhzrua6opegD1BCYNQlnUXD4ELn0EAliv8UNbHHFxMRpHerd0V68Vq47JxdVPtBRU/71gWts3sTCqo3JeKtdmimEzjdUZN4JFjwkAvFwK9HP3AxPpTUAhDORqj/T99nrQyae04nbnNpnKn8awk2keH6Ahp6ATlUAnVUBMR9ILe0Qf6lK6lB2kiPf9GE1Lc2UUzkF6/AbQ4ftM=</latexit>
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Review: Potential scattering [e.g., Weinberg, Lectures on Quantum Mechanics, f8.1]

"free states"; orthonormal to each other.

* Schrödinger repr.V ~ 0 for separated particlesH = H0 + V ;
H |�±� � = E� |�±� �
H0 |��� = E� |���

<latexit sha1_base64="4/oUnP87/+R8jayxuioGjXKBEXQ="></latexit>

= e�iHt |�±� �
<latexit sha1_base64="mj4JwZpN8xbFBTiD89Bzy7w8ZB4=">AAAB2XicZVDLTsJAFJ3iC+sLdemGyIaNpEUS3ZhggAQTwMrbMECG9oITpu2kM6ik6cKdceHGnd/hVv/Dv7EoG+SsTs4juecOOKNCatq3EllZXVvfiG6qW9s7u3ux/YOmcCeeCQ3TZa7XHhABjDrQkFQyaHMPiD1g0BqMczO/dQ+eoK5Tl1MOXZuMHDqkJpGh1I8lcbWQv8AAPf8EUxovxmWAxyB9bAjaw9zuY8L4HQn6sYSW0n4RXyb6nCTQHEY/9o4t15zY4EiTESE6usZl1yeepCaDQFUxJyMQcsrAB5vLaaDiiQBOzHGod4xqoVao1C/rV9eVrl+e5lzbJo6VWUj55dtiwVgsysdZvMaoBSJ0LBjiUt7HpfAnFsEPfj4I1HCM/v/0ZdJMp/TTVPomk8iez2dF0RE6RkmkozOURUVkoAYy0Sv6QJ/oS+koT8qz8vIXjSjzziFagPL2A5r1hNA=</latexit>

Definitions of IN states          and OUT states|�+
� � |��� �:

<latexit sha1_base64="+OKD3pKdr6TOkYDTywuKYADc/II=">AAAB93icZVBLT8JAGNz6xPpCPXpphIOJkbRoovGEAQwmgFWpj7jYLO0Hbtg+0l3Upqk/xIs348GLf8Wb0R9j1V6QOU2+mUlmvo7PKBeq+iGNjU9MTk1nZuTZufmFxezS8hn3BoEFhuUxL7joEA6MumAIKhhc+AEQp8PgvNMv/+jntxBw6rktEfrQdkjPpV1qEZGczOxBHvdBRFjn1MSE+TfkeiPOKzghrvCciLi2cmS0FC6IAP4QK6P+zTi/Z2ZzakH9hTJKtJTkUArdzD5i27MGDrjCYoTzK031RTsigaAWg1iWsU96wEXIIALHF2Es4wEHn1j95H6ln1RPq83WfuvwqNmOGmHZc5yk6vaQK2pc1qr6cFDc/9hPGbWBJ4oNXVyvRLiefMwm+C6qxLGcjNH+Vx8lZ8WCtlUoHhdzpd10VgatojW0jjS0g0qohnRkIAu9onf0ib6kUHqSnqWXP+uYlGZW0BCkt2+KUpDj</latexit>�
d� g(�)e�iE�t |�±� �

t�����������
�

d� g(�)e�iE�t |���
<latexit sha1_base64="LFR6vqjXSqJowYTcDlH+20JAsZo="></latexit>

IN/OUT states are (subset of) H-eigenstates.

t = 0
<latexit sha1_base64="JWDm3U01XEvPJfcvf98p+kx7wuE=">AAABsnicZU/LTsJAFL3FF9YX6tKNkY0r0iIJbkwwQIIJYJWnUkKm0wuZMH2kM6hN009wq4l/5t9YtBvkrE7OIznH8jkTUtO+lczG5tb2TnZX3ds/ODzKHZ/0hbcIKPaox71gaBGBnLnYk0xyHPoBEsfiOLDm1aU/eMFAMM/tytDHsUNmLpsySmQideSNNsnltYL2i/N1oqckDymMSe7LtD26cNCVlBMhRrrmy3FEAskox1hVTZ/MUMiQY4SOL8NYNRcCfULniT4yHuudert72727b4+jVlj1HIe4dmklFbWeGnVjtSjflvEOZzaKxLFxajZrkdlMztrEfI1qcawmZ/T/09dJv1jQrwrFh1K+cp3eysIZXMAl6FCGCjTAgB5QmME7fMCnUlKeFaLQv2hGSTunsAKF/wDIlHVP</latexit>

t = ��
<latexit sha1_base64="0l03KmNDic7Vs4mDYnJfuynT/do=">AAABuHicZU/LTsJAFL3FF9YX6tKNkY0bSYskGhMTDJBgAljlHUpwOr2QCdNHOoPaNP0Kd0Y/zL+xKBvkrE7OIznH8jkTUtO+ldTa+sbmVnpb3dnd2z/IHB51hDcLKLapx72gZxGBnLnYlkxy7PkBEsfi2LWmpbnffcFAMM9tydDHoUMmLhszSmQi9eXthcncsQxHmayW035xukr0BcnCAsYo82HaHp056ErKiRADXfPlMCKBZJRjrKqmTyYoZMgxQseXYayaM4E+odNEHxhPlWal0bpr3T80hlE9LHmOQ1y7sJSK6v1qxVguyrd5vMmZjSJxbBybtXJk1pLLNjFfo3Icq8kZ/f/0VdLJ5/TLXP6xkC1eL26l4QTO4Bx0uIIiVMGANlBw4B0+4Uu5UZ6VicL+oill0TmGJSjBD/IgeA4=</latexit>

t = +�
<latexit sha1_base64="45qX92VgCO8i6eebHu65UTSdxN0=">AAABuHicZU9bSwJBGP3WbrbdrB57iXwJAtk1oQgCQwUDtS3vuGKzs58yOHthZ6yWZX9Fb1E/rH/TWr6Y5+lwLnCO5XMmpKZ9K6m19Y3NrfS2urO7t3+QOTzqCG8WUGxTj3tBzyICOXOxLZnk2PMDJI7FsWtNS3O/+4KBYJ7bkqGPQ4dMXDZmlMhE6svbC5O5YxmOMlktp/3idJXoC5KFBYxR5sO0PTpz0JWUEyEGuubLYUQCySjHWFVNn0xQyJBjhI4vw1g1ZwJ9QqeJPjCeKs1Ko3XXun9oDKN6WPIch7h2YSkV1fvVirFclG/zeJMzG0Xi2Dg2a+XIrCWXbWK+RuU4VpMz+v/pq6STz+mXufxjIVu8XtxKwwmcwTnocAVFqIIBbaDgwDt8wpdyozwrE4X9RVPKonMMS1CCH+98eAw=</latexit>

|�+
� �

<latexit sha1_base64="xrRrxbznMvX7ZXIxhvwkcs97yeY=">AAABxHicZU9JT8JAGJ3ihnWrcvRi5GJiQlok0SMGMJgAVlkNg820/cAJ0yWdqdo09Yd48ao/yX9j0V7Qd3p5S/Ke6TPKhap+SbmV1bX1jfymvLW9s7un7B8MuBcGFvQtj3nByCQcGHWhL6hgMPIDII7JYGjOawt/+AQBp57bE5EPE4fMXDqlFhGpZCgFPAcRY53Th1MDE+Y/ksRQimpJ/cHRf6JlpIgy6Ibyhm3PCh1whcUI52NN9cUkJoGgFoNElrFPZsBFxCAGxxdRIuOQg0+seaqP9btGt9HpXfaubzqTuB3VPMchrl1ZSsXt+2ZDXy6Kl0W8y6gNPHVsmOJWPcat9L5N8HNcTxI5PaP9nf6fDMol7axUvq0UqxfZrTw6RMfoBGnoHFVRE+mojywUoXf0gT6lK4lJXAp/ozkp6xTQEqTXb0GFfKk=</latexit>

S�� = ���� |�+
� �

<latexit sha1_base64="YNrl/L2Yhz8ZElsaSxwVl0sNtdw=">AAAB5nicZVDLTsJAFJ36RHxVXboxsjExkhYxujHBAAkmgFWehsFm2l5gwvSRzqCSyi+4Mya68Vfc6hf4NxbsBjmrc8859+bea3iMcqEoP9Lc/MLi0nJsJb66tr6xKW9t17k78E2omS5z/aZBODDqQE1QwaDp+UBsg0HD6GfHfuMefE5dpyqGHrRt0nVoh5pEhJIun1T0ABsgCCbM65HROTZ80gcRYI3TuyN94j1NikM9ysTjupxQksoEe7NEjUgCRdB0+Q1brjmwwREmI5y3VMUT7YD4gpoMwonYI13gYsggANsTw1EcDzh4xOyHeku7yVfy5epF9fKq3A5Kw6xr28Sx0lOpoHRbyGvTjeJxHK8wagEPHQs6uJgLcDF8kEXwQ5AbjcbHqP9XnyX1VFI9Tqau04nMWXRWDO2ifXSAVHSKMqiANFRDJnpHn+gLfUs96Vl6kV7/onNS1LODpiB9/AIlfopt</latexit>

|���
<latexit sha1_base64="8TJax7ClbrFJEH8ElhfXRiU1yIs=">AAABwnicZU9JT8JAGJ3ihnUrevRi5OKJtEiiRwyQYAJYZTUMaabtB4xMFzuD2NT+EROv+pv8NxbtBXmnl7ck75k+o1yo6reU2djc2t7J7sp7+weHR0ruuMe9eWBB1/KYFwxMwoFRF7qCCgYDPwDimAz65qyy9PsvEHDquR0R+jByyMSlY2oRkUiGksMzEBHWp9TAhPlTEhtKXi2ovzhbJ1pK8iiFbijv2PasuQOusBjhfKipvhhFJBDUYhDLMvbJBLgIGUTg+CKMZTzn4BNrluhD/aHWrrU6N53bu9YoaoYVz3GIa5dWUlHzsV7TV4vidRlvM2oDTxwbxrhRjXAjOW8TvIiqcSwnZ7T/09dJr1jQLgvF+1K+fJ3eyqJTdI4ukIauUBnVkY66yEIL9IE+0ZdUlZ6kZ4n/RTNS2jlBK5DefgArX3wB</latexit>

|��� �
<latexit sha1_base64="45lKjw6NKVx83VEHv7dCFMcqYK4=">AAABxHicZU9JT8JAGJ3ihnWrcvRi5OJF0iKJHjGAwQSwymoYbKbtB06YLulM1aapP8SLV/1J/huL9oK+08tbkvdMn1EuVPVLyq2srq1v5Dflre2d3T1l/2DAvTCwoG95zAtGJuHAqAt9QQWDkR8AcUwGQ3NeW/jDJwg49dyeiHyYOGTm0im1iEglQyngOYgY65w+nBqYMP+RJIZSVEvqD47+Ey0jRZRBN5Q3bHtW6IArLEY4H2uqLyYxCQS1GCSyjH0yAy4iBjE4vogSGYccfGLNU32s3zW6jU7vsnd905nE7ajmOQ5x7cpSKm7fNxv6clG8LOJdRm3gqWPDFLfqMW6l922Cn+N6ksjpGe3v9P9kUC5pZ6XybaVYvchu5dEhOkYnSEPnqIqaSEd9ZKEIvaMP9CldSUziUvgbzUlZp4CWIL1+A0QtfKs=</latexit>

H0
<latexit sha1_base64="lUn4o1Suq9h7n874fyx0fF3JJIk=">AAABsnicZU/LTsJAFL3FF9YX6tKNkY0r0iKJLjFAgglgladSQqbTSzNh+khnUJumn+BWE//Mv7FoN8hZnZxHco4VcCakpn0ruY3Nre2d/K66t39weFQ4PhkIfxFS7FOf++HIIgI587AvmeQ4CkIkrsVxaM1rS3/4gqFgvteTUYATlzgemzFKZCp1m1NtWihqJe0X5+tEz0gRMhjTwpdp+3ThoicpJ0KMdS2Qk5iEklGOiaqaAXFQyIhjjG4go0Q1FwIDQuepPjYeG91Gp3fbu7vvTOJ2VPNdl3h2ZSUVt5+aDWO1KN+W8S5nNorUsXFmtuqx2UrP2sR8jetJoqZn9P/T18mgXNKvSuWHSrF6k93KwxlcwCXocA1VaIIBfaDgwDt8wKdSUZ4VotC/aE7JOqewAoX/ALtmdUU=</latexit>e�iH0(��) |���

<latexit sha1_base64="I7yGmp0K8dl699yLFKQaWRypAgQ=">AAAB2XicZVDLTsJAFJ3iC+ur6tINkQ0uJK2S6BIDJJgAVnkaBpuhvcCE6SOdQW2aLtwZF27c+R1u9T/8G4uyQc7q5DySe27fY5QLVf2WEkvLK6tryXV5Y3Nre0fZ3Wtxd+Kb0DRd5vqdPuHAqANNQQWDjucDsfsM2v1xYeq378Hn1HUaIvCgZ5OhQwfUJCKWDCWDAe7CY0xpqmyomZg4AxEcRXgMIsT6iBqYMG9EIkNJq1n1F6lFos1IGs2gG8o7tlxzYoMjTEY472qqJ3oh8QU1GUSyjD0yBC4CBiHYnggiGU84eMQcx3pXvynVS7XGRePyqtYLq0HBtW3iWLm5VFi9LZf0+aJ4nMbrjFrAY8eCAa4UQ1yJf2IR/BAWo0iOx2j/T18krZOsdpo9uc6l8+ezWUl0gA5RBmnoDOVRGemoiUz0ij7QJ/qSutKT9Cy9/EUT0qyzj+Ygvf0Afd2EuQ==</latexit>

e�iH(��) |�+
� �

<latexit sha1_base64="U/DWctpur3pSI0uA7FiDd4e0hHo=">AAAB2XicZVDLTsJAFJ3iC+sLdemGyAZjJC2S6BIDJJgAVnkaBsi0veCE6SOdQW2aLtwZF27c+R1u9T/8G4uyQc7mnpxzbnLP1V1GuVCUbym2tLyyuhZflzc2t7Z3Ert7Le5MPAOahsMcr6MTDoza0BRUMOi4HhBLZ9DWx4Wp374Hj1PHbgjfhZ5FRjYdUoOISBok0higH5xgSpPldDTsofCPQjwGEWCN0/7xABPm3pFwkEgpGeUXyUWizkgKzaANEu/YdIyJBbYwGOG8qyqu6AXEE9RgEMoydskIuPAZBGC5wg9lPOHgEmMc6V3tplQv1RoXjcurWi+o+gXHsoht5uZSQfW2XNLmF8XjNF5n1AQeOSYMcaUY4Er0E5Pgh6AYhnJURv1/+iJpZTPqaSZ7nUvlz2e14ugAHaI0UtEZyqMy0lATGegVfaBP9CV1pSfpWXr5i8ak2c4+moP09gOINoS+</latexit>

H
<latexit sha1_base64="I5cgO3k1cgKWKThG+ERub1v/F2E=">AAABsHicZU/LTsJAFL3FF9YX6tKNkY0r0iIJLjFAgglgkaehhEynFzIyfaQzqE3TL3CrG//Mv7FoN8hZnZxHco7lcyakpn0rma3tnd297L56cHh0fJI7PRsIbxlQ7FOPe8HIIgI5c7EvmeQ48gMkjsVxaC2qK3/4goFgntuToY8Th8xdNmOUyETqNKa5vFbQfnG5SfSU5CGFMc19mbZHlw66knIixFjXfDmJSCAZ5RirqumTOQoZcozQ8WUYq+ZSoE/oItHHxmO9W2/37nr3D+1J1AqrnuMQ1y6tpaLWU6NurBfl2yre5cxGkTg2zsxmLTKbyVWbmK9RLY7V5Iz+f/omGRQL+k2h2CnlK7fprSxcwBVcgw5lqEADDOgDBYR3+IBPpaiMlKlC/qIZJe2cwxqU5x+3mnSi</latexit>

H0
<latexit sha1_base64="lUn4o1Suq9h7n874fyx0fF3JJIk=">AAABsnicZU/LTsJAFL3FF9YX6tKNkY0r0iKJLjFAgglgladSQqbTSzNh+khnUJumn+BWE//Mv7FoN8hZnZxHco4VcCakpn0ruY3Nre2d/K66t39weFQ4PhkIfxFS7FOf++HIIgI587AvmeQ4CkIkrsVxaM1rS3/4gqFgvteTUYATlzgemzFKZCp1m1NtWihqJe0X5+tEz0gRMhjTwpdp+3ThoicpJ0KMdS2Qk5iEklGOiaqaAXFQyIhjjG4go0Q1FwIDQuepPjYeG91Gp3fbu7vvTOJ2VPNdl3h2ZSUVt5+aDWO1KN+W8S5nNorUsXFmtuqx2UrP2sR8jetJoqZn9P/T18mgXNKvSuWHSrF6k93KwxlcwCXocA1VaIIBfaDgwDt8wKdSUZ4VotC/aE7JOqewAoX/ALtmdUU=</latexit>

H
<latexit sha1_base64="I5cgO3k1cgKWKThG+ERub1v/F2E=">AAABsHicZU/LTsJAFL3FF9YX6tKNkY0r0iIJLjFAgglgkaehhEynFzIyfaQzqE3TL3CrG//Mv7FoN8hZnZxHco7lcyakpn0rma3tnd297L56cHh0fJI7PRsIbxlQ7FOPe8HIIgI5c7EvmeQ48gMkjsVxaC2qK3/4goFgntuToY8Th8xdNmOUyETqNKa5vFbQfnG5SfSU5CGFMc19mbZHlw66knIixFjXfDmJSCAZ5RirqumTOQoZcozQ8WUYq+ZSoE/oItHHxmO9W2/37nr3D+1J1AqrnuMQ1y6tpaLWU6NurBfl2yre5cxGkTg2zsxmLTKbyVWbmK9RLY7V5Iz+f/omGRQL+k2h2CnlK7fprSxcwBVcgw5lqEADDOgDBYR3+IBPpaiMlKlC/qIZJe2cwxqU5x+3mnSi</latexit> e�iH� |��� �

<latexit sha1_base64="7tCVH/Kpa0DhjMSG0G01wVU+zbM=">AAAB1nicZVDLTsJAFJ36xPqqunRDJCZuIC2S6BIDJJgAVnkaBsjQXnDC9JHOoDZN3RkXblz7F271S/wbi3aDnNXJPefk3nOHLqNcqOq3tLS8srq2ntiQN7e2d3aVvf0Wd6aeAU3DYY7XGRIOjNrQFFQw6LgeEGvIoD2cFGZ6+x48Th27IXwXehYZ23REDSKi0UA5xgD9II0pTZYxtUfCD/EERIB1TvvpASbMvSPhQEmpGfUXyUWixSSFYugD5R2bjjG1wBYGI5x3NdUVvYB4ghoMQlnGLhkDFz6DACw32irjKQeXGJNo3tVvSvVSrXHRuLyq9YKqX3Asi9hmbs4VVG/LJX0+KB5n9jqjJvBIMWGEK8UAV6KHmAQ/BMUwlKMy2v/TF0krm9FOM9nrXCp/HtdKoEN0hE6Qhs5QHpWRjprIQK/oA32iL6kjPUnP0sufdUmKMwdoDtLbD14JhCQ=</latexit>

e�iH� |���
<latexit sha1_base64="j4K8McMyQUPbKO68lc243hGHWBo=">AAAB1HicZVDLTsJAFJ36xPpCXbohsnEjaZFElxggwQSwytMwSIbpBSZMH+kMalO7Mi7c+AH+hFv9FP/Got0gZ3Vyzzm599yBy5mQmvatLC2vrK6tJzbUza3tnd3k3n5LOFOPQpM63PE6AyKAMxuakkkOHdcDYg04tAeTwkxv34MnmGM3pO9CzyIjmw0ZJTIa9ZNpDHAXnGDGUmXM7KH0QzwBGWBjzPqYcHdMwsilZbRfpBaJHpM0imH0k+/YdOjUAltSToTo6porewHxJKMcQlXFLhmBkD6HACw32qniqQCX0Ek07xo3pXqp1rhoXF7VekHVLziWRWwzN+cKqrflkjEflI8ze50zE0SkmDDElWKAK9E7TIIfgmIYqlEZ/f/pi6SVzeinmex1Lp0/j2sl0CE6QsdIR2coj8rIQE1E0Sv6QJ/oS2kpT8qz8vJnXVLizAGag/L2Azdpg3o=</latexit>

=

=

|�+
� � = �+ |��� ;

�+ := lim
t���

eiHte�iH0t

<latexit sha1_base64="qp5c2BS7UuoUqVeWBVQ8oh6AzOw="></latexit>

[Møller operator]

[time independent!]

�

�t
|�; t� = �iH |�; t�

<latexit sha1_base64="44kBM2RB3Ms7oZRqbJGlomQN6S8=">AAAB23icZVBNSwJBGJ61L9u+rI5dJC8RJLsmFERgqGCgZvkZjsi4+yqDs7vDzljJsKdu0aFLl35I1/ob/ZvW8pD5nB6eD3ift8cZFdIwvrTIwuLS8kp0VV9b39jcim3vNIQ38i2oWx7z/FaPCGDUhbqkkkGL+0CcHoNmb5id+M078AX13Jocc+g4ZODSPrWIDKVu7BBzm/b7KlAywEOQCnNBz2RwfoQpjRf+St1YwkgaP4jPE3NKEmiKSjf2hm3PGjngSosRIdqmwWVHEV9Si0Gg65iTAQg5ZqDA4XIc6HgkgBNrGOrtyk2+mi/XLmqXV+WOKo2znuMQ107PpFTptpCvzBblwyReZdQGETo29HExp3Ax/IpN8L3KBYEejjH/nz5PGqmkeZxMXacTmdPprCjaQ/voAJnoBGVQAVVQHVnoBb2jD/SpdbRH7Ul7/o1GtGlnF81Ae/0Gq0eGzA==</latexit>

|�� := |�; 0�
<latexit sha1_base64="xebBAIOxMN1FlAcZ+ssDKgxLH8A=">AAAByXicZVDLTsJAFJ3iC+ur6sbEjZGNK9IiiUZjggESjIAoT0MJmU4vZML0YWdQalM3/oVrt/o//o1FGxPkrE7OI7nnGi6jXKjql5RYWFxaXkmuymvrG5tbyvZOiztjj0CTOMzxOgbmwKgNTUEFg47rAbYMBm1jlJ/67UfwOHXshvBd6Fl4aNMBJVhEUl/Z00cgAt3lNDy7+OPnathXUmpa/cHBPNFikkIxan3lTTcdMrbAFoRhzrua6opegD1BCYNQlnUXD4ELn0EAliv8UNbHHFxMRpHerd0V68Vq47JxdVPtBRU/71gWts3sTCqo3JeKtdmimEzjdUZN4JFjwkAvFwK9HP3AxPpTUAhDORqj/T99nrQyae04nbnNpnKn8awk2keH6Ahp6ATlUAnVUBMR9ILe0Qf6lK6lB2kiPf9GE1Lc2UUzkF6/AbQ4ftM=</latexit>
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Multi-channel potential scattering

A B

a b

t = 0
<latexit sha1_base64="JWDm3U01XEvPJfcvf98p+kx7wuE=">AAABsnicZU/LTsJAFL3FF9YX6tKNkY0r0iIJbkwwQIIJYJWnUkKm0wuZMH2kM6hN009wq4l/5t9YtBvkrE7OIznH8jkTUtO+lczG5tb2TnZX3ds/ODzKHZ/0hbcIKPaox71gaBGBnLnYk0xyHPoBEsfiOLDm1aU/eMFAMM/tytDHsUNmLpsySmQideSNNsnltYL2i/N1oqckDymMSe7LtD26cNCVlBMhRrrmy3FEAskox1hVTZ/MUMiQY4SOL8NYNRcCfULniT4yHuudert72727b4+jVlj1HIe4dmklFbWeGnVjtSjflvEOZzaKxLFxajZrkdlMztrEfI1qcawmZ/T/09dJv1jQrwrFh1K+cp3eysIZXMAl6FCGCjTAgB5QmME7fMCnUlKeFaLQv2hGSTunsAKF/wDIlHVP</latexit>t = ��

<latexit sha1_base64="0l03KmNDic7Vs4mDYnJfuynT/do=">AAABuHicZU/LTsJAFL3FF9YX6tKNkY0bSYskGhMTDJBgAljlHUpwOr2QCdNHOoPaNP0Kd0Y/zL+xKBvkrE7OIznH8jkTUtO+ldTa+sbmVnpb3dnd2z/IHB51hDcLKLapx72gZxGBnLnYlkxy7PkBEsfi2LWmpbnffcFAMM9tydDHoUMmLhszSmQi9eXthcncsQxHmayW035xukr0BcnCAsYo82HaHp056ErKiRADXfPlMCKBZJRjrKqmTyYoZMgxQseXYayaM4E+odNEHxhPlWal0bpr3T80hlE9LHmOQ1y7sJSK6v1qxVguyrd5vMmZjSJxbBybtXJk1pLLNjFfo3Icq8kZ/f/0VdLJ5/TLXP6xkC1eL26l4QTO4Bx0uIIiVMGANlBw4B0+4Uu5UZ6VicL+oill0TmGJSjBD/IgeA4=</latexit>

t = +�
<latexit sha1_base64="45qX92VgCO8i6eebHu65UTSdxN0=">AAABuHicZU9bSwJBGP3WbrbdrB57iXwJAtk1oQgCQwUDtS3vuGKzs58yOHthZ6yWZX9Fb1E/rH/TWr6Y5+lwLnCO5XMmpKZ9K6m19Y3NrfS2urO7t3+QOTzqCG8WUGxTj3tBzyICOXOxLZnk2PMDJI7FsWtNS3O/+4KBYJ7bkqGPQ4dMXDZmlMhE6svbC5O5YxmOMlktp/3idJXoC5KFBYxR5sO0PTpz0JWUEyEGuubLYUQCySjHWFVNn0xQyJBjhI4vw1g1ZwJ9QqeJPjCeKs1Ko3XXun9oDKN6WPIch7h2YSkV1fvVirFclG/zeJMzG0Xi2Dg2a+XIrCWXbWK+RuU4VpMz+v/pq6STz+mXufxjIVu8XtxKwwmcwTnocAVFqIIBbaDgwDt8wpdyozwrE4X9RVPKonMMS1CCH+98eAw=</latexit>

|�+
� �

<latexit sha1_base64="xrRrxbznMvX7ZXIxhvwkcs97yeY=">AAABxHicZU9JT8JAGJ3ihnWrcvRi5GJiQlok0SMGMJgAVlkNg820/cAJ0yWdqdo09Yd48ao/yX9j0V7Qd3p5S/Ke6TPKhap+SbmV1bX1jfymvLW9s7un7B8MuBcGFvQtj3nByCQcGHWhL6hgMPIDII7JYGjOawt/+AQBp57bE5EPE4fMXDqlFhGpZCgFPAcRY53Th1MDE+Y/ksRQimpJ/cHRf6JlpIgy6Ibyhm3PCh1whcUI52NN9cUkJoGgFoNElrFPZsBFxCAGxxdRIuOQg0+seaqP9btGt9HpXfaubzqTuB3VPMchrl1ZSsXt+2ZDXy6Kl0W8y6gNPHVsmOJWPcat9L5N8HNcTxI5PaP9nf6fDMol7axUvq0UqxfZrTw6RMfoBGnoHFVRE+mojywUoXf0gT6lK4lJXAp/ozkp6xTQEqTXb0GFfKk=</latexit>

|��� �
<latexit sha1_base64="45lKjw6NKVx83VEHv7dCFMcqYK4=">AAABxHicZU9JT8JAGJ3ihnWrcvRi5OJF0iKJHjGAwQSwymoYbKbtB06YLulM1aapP8SLV/1J/huL9oK+08tbkvdMn1EuVPVLyq2srq1v5Dflre2d3T1l/2DAvTCwoG95zAtGJuHAqAt9QQWDkR8AcUwGQ3NeW/jDJwg49dyeiHyYOGTm0im1iEglQyngOYgY65w+nBqYMP+RJIZSVEvqD47+Ey0jRZRBN5Q3bHtW6IArLEY4H2uqLyYxCQS1GCSyjH0yAy4iBjE4vogSGYccfGLNU32s3zW6jU7vsnd905nE7ajmOQ5x7cpSKm7fNxv6clG8LOJdRm3gqWPDFLfqMW6l922Cn+N6ksjpGe3v9P9kUC5pZ6XybaVYvchu5dEhOkYnSEPnqIqaSEd9ZKEIvaMP9CldSUziUvgbzUlZp4CWIL1+A0QtfKs=</latexit>

=

=

[e.g., Taylor, Scattering Theory, f16]

Hin = Hfree + VAa + VBb

Hout = Hfree + VAB + Vab
<latexit sha1_base64="osTJjA8D58J+BTg6y8vzZaW5LLI="></latexit>

|�in
� �

<latexit sha1_base64="cXdZkTCd40BHQp/6RKYLXkCmMxU="></latexit>

|�out
� �

<latexit sha1_base64="XWZLmbGpH7rxS42a21jw3Mt8YMw="></latexit>

e�iHout� |�out
� �

<latexit sha1_base64="poZ15nifPmjcB+TSdUpC5beoamc=">AAAB83icZZBLT8JAFIWn+ML6Ql26IbJxI2mRRJcqkGACWJWHxkEyTC8yYfpIZ6qSSf+I7owLN/4Vt+q/sWI36Fmd3PPd5J7b9zkT0jC+tNTM7Nz8QnpRX1peWV3LrG+0hRcGFFrU415w2ScCOHOhJZnkcOkHQJw+h05/VPrJO3cQCOa5TTn2oeuQW5cNGCUyHvUyxxjgRu1ixrLYIXJICc9W8b3yQhlh5g7kOMIjkApbQ9bDhPtDcqMmZOBMoCjqZXJG3pgo+9+YicmhRFYv84htj4YOuJJyIsS1afiyq0ggGeUQ6Tr2yS0IOeagwPHjE3QcCvAJHcXza+u8clFpNI+aJ6eNrqqPS57jENcuTlGqflWtWNOL8uEHv+DMBhEnNgxwraxwLf6WTeLO5SjS4zLm39P/m3Yhb+7lC2fF3OFBUiuNttA22kEm2keHqIos1EIUvaJ39IE+tVB70p61l180pSU7m2hK2ts3+eqRtA==</latexit>

e�iHin(��) |�in
� �

<latexit sha1_base64="6GBmEc0BL9jWinIHzwz+3Kt0L/Q=">AAAB9HicZZA7TwJBFIVn8YXrC7W0IdJgIdlFEi0xQIKJ4CoPNQ6SYfYCE2Yf2RnUzWT/iLEzFjb+FVv9Ny5Kg5zq5NzvJvfcns+ZkIbxrSUWFpeWV5Kr+tr6xuZWanunLbxxQKFFPe4FNz0igDMXWpJJDjd+AMTpcbjujUqT+fUDBIJ5blOGPnQcMnBZn1Ei46ibKmGAe3WIGUtjh8ghJTxdxY+KuVE2Tt2+DA8iPAKpsDVkXUy4PyT36pcNnAkWRd1UxsgZv0rPG3NqMmgqq5t6xrZHxw64knIixJ1p+LKjSCAZ5RDpOvbJAIQMOShwfBlGOh4L8AkdxfmddVVpVOrN0+bZRb2jamHJcxzi2oUZStVuqxVrdlE+TfAGZzaIeGJDH5+XFT6P32WTuHQ5ivS4jPn/9HnTzufMo1z+spApnkxrJdEe2kdZZKJjVERVZKEWougdfaIv9K09aC/aq/b2hya06c4umpH28QNuwpE6</latexit>

e�iH(��) |�+
� �

<latexit sha1_base64="7jEvfMYT/N3hOD+UaJDlLZyZTc0=">AAAB4nicZVDLSsNAFJ34rPFVdemm2E1FLIkKuqxooUJbo2194NQymdzq0EkyZKZqGPID7sSFIP6KW/0G/8ZUu6me1bnnnAv3XFdwJpVlfRlj4xOTU9OZGXN2bn5hMbu0fCbDfkShRUMeRhcukcBZAC3FFIcLEQHxXQ7nbu9g4J/fQSRZGDRVLKDtk5uAdRklKpU6WRsDXOtNzFgO+0TdUsJzlUI6B10Vrye4B0pjR7IOJlzckuuNpJPNW0XrB7n/xB6SPBrC6WRfsRfSvg+BopxIeWVbQrU1iRSjHBLTxILcgFQxBw2+UHFi4r4EQWgv1a+c03KjXG/uN4+O621diw9C3yeBtzOS0rXLStkZXVQPg3iDMw9k6njQxdVDjavpczyC7/VhkphpGfvv6f/J2VbR3i5unezkS3vDWhm0itZQAdloF5VQBTmohSh6Qe/oA30anvFoPBnPv9ExY7izgkZgvH0Dvb6Ibg==</latexit>

e�iH� |��� �
<latexit sha1_base64="gtfnxp9T9jz+Liw6PLj5VuYZPus=">AAAB33icZVC7TgJBFJ31ietr1dKGSGMD2UUSLTFAggngKk/DABlmLzBh9pGdQSWbre2MhY1+iq3+hH/jojTIqU7uOSf3ntv3OBNS17+VldW19Y3N2Ja6vbO7t68dHDaEO/Ep1KnLXb/VJwI4c6AumeTQ8nwgdp9Dsz/OzfTmPfiCuU5NTj3o2GTosAGjREajnpbCAN0giRmLY5vIESU8XsTMGchpiMcgA2wK1sOEeyPSTYY9LaGn9F/El4kxJwk0h9nT3rHl0okNjqScCNE2dE92AuJLRjmEqoo9MgQhpxwCsL1oq4onAjxCx9G8bd4WqoVK7bJ2dV3pBOVpzrVt4liZBVdQvisWzMWgfJzZq5xZICLFggEu5QNcij5jEfwQ5MNQjcoY/09fJo10yjhLpW8yiezFvFYMHaMTdIoMdI6yqIhMVEcUvaIP9Im+FKI8Kc/Ky591RZlnjtAClLcfiUuH1A==</latexit>

H
<latexit sha1_base64="01ouA/OeUhaY3L91VmH8ZkjwVb4=">AAABuXicZU/LTsJAFL3FF9YX6tINkY0r0qKJJm4wQIIJYJWnUkKG6QVGpo90BrVp+heuTPS//BuLdoOc1cl5JOeMPM6E1LRvJbW2vrG5ld5Wd3b39g8yh0cd4c59im3qctfvjYhAzhxsSyY59jwfiT3i2B3NSgu/+4K+YK7TkoGHA5tMHDZmlMhYejJtIqeU8Gx1mMlpee0X2VWiJyQHCYxh5sO0XDq30ZGUEyH6uubJQUh8ySjHSFVNj0xQyIBjiLYng0g15wI9Qmex3jceKs1Ko3XTur1rDMJ6UHJtmzjWxVIqrD9WK8ZyUb4t4k3OLBSxY+HYrJVDsxZ/toj5GpajSI3P6P+nr5JOIa+f5wv3F7niVXIrDSdwCmegwyUUoQoGtIGCA+/wCV/KtUKUqfL8F00pSecYlqCIH2eCeFI=</latexit>

H
<latexit sha1_base64="01ouA/OeUhaY3L91VmH8ZkjwVb4=">AAABuXicZU/LTsJAFL3FF9YX6tINkY0r0qKJJm4wQIIJYJWnUkKG6QVGpo90BrVp+heuTPS//BuLdoOc1cl5JOeMPM6E1LRvJbW2vrG5ld5Wd3b39g8yh0cd4c59im3qctfvjYhAzhxsSyY59jwfiT3i2B3NSgu/+4K+YK7TkoGHA5tMHDZmlMhYejJtIqeU8Gx1mMlpee0X2VWiJyQHCYxh5sO0XDq30ZGUEyH6uubJQUh8ySjHSFVNj0xQyIBjiLYng0g15wI9Qmex3jceKs1Ko3XTur1rDMJ6UHJtmzjWxVIqrD9WK8ZyUb4t4k3OLBSxY+HYrJVDsxZ/toj5GpajSI3P6P+nr5JOIa+f5wv3F7niVXIrDSdwCmegwyUUoQoGtIGCA+/wCV/KtUKUqfL8F00pSecYlqCIH2eCeFI=</latexit>

Hout
<latexit sha1_base64="yTHXt5FDVYFN1AvZmZ0d3ROsl8Y=">AAABwnicZY9LT8JAFIVv8YX1VXTphsjGFWmRRJcYIMEEsMrTUEKm0wFHpg87U7Gp/SMmbvU3+W8s2g1yVif3nJPcz/QY5UJVv6XMxubW9k52V97bPzg8UnLHfe4GPiY97DLXH5qIE0Yd0hNUMDL0fIJsk5GBOa8u88EL8Tl1na4IPTK20cyhU4qRSE4TJWfYSDxixPINYxG5gYgnSkEtqr/KrxstNQVIpU+Ud8NycWATR2CGOB9pqifGEfIFxYzEsmx4aEa4CBmJiO2JMJaNgBMP4XlyH+n39U693b3u3ty2x1ErrLq2jRyrvNKKWg+Nur46FK/LeodRi/AkscjUaNYio5nAWyiBqcWxnMBo/19fN/1SUbsolu7KhcpVipWFUziDc9DgEirQAB16gGEBH/AJX1JNepKeJf5XzUjp5gRWJL39AA4re+w=</latexit>

Hin
<latexit sha1_base64="mIoGpwVIvctJdEqwaeMiqQ/jdFw=">AAABwXicZY9LT8JAFIVv8YX1VXXphsjGFWmRRJcYIMEEEOVpKCHT6QUnTB/pDGjT9I8Yt/qf/DcW7QY5q5N7zknuZ/mcCanr30pma3tndy+7rx4cHh2faKdnfeEtAoo96nEvGFpEIGcu9iSTHId+gMSxOA6seWWVD5YYCOa5XRn6OHbIzGVTRolMThNNMx0iXyjhubr5GjE3nmh5vaD/KrdpjNTkIVV7or2btkcXDrqSciLEyNB9OY5IIBnlGKuq6ZMZChlyjNDxZRir5kKgT+g8uY/aT7VOrdW9694/tMZRM6x4jkNcu7TWiprP9Vp7fSjfVvUOZzaKJLFxajaqkdlI2G2SsFTjWE1gjP+vb5p+sWBcF4qPpXz5NsXKwgVcwhUYcANlqEMbekBhCR/wCV9KRWGKrwR/1YySbs5hTUr0AzuQe2E=</latexit>

�A
± := lim

t���
exp (iHt) exp (�iHAt)

<latexit sha1_base64="HOjcvWtSUpfFOn40+35tD2+LMm8="></latexit>

[channel Møller operator]

H |�±� � = E� |�±� �
Hin |�in

� � = E� |�in
� �

Hout |�out
� � = E� |�out

� �
<latexit sha1_base64="nMKlOu42j7tn5MDYcQuIgSX/yP4="></latexit>
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Multi-channel potential scattering [e.g., Taylor, Scattering Theory, f16]

|�+
� � = �in

+ |�in
� �

<latexit sha1_base64="XzvAu59hiv8/h2S5xplbEETBoY4=">AAAB+3icZVDLSsNAFJ34Nr6qLt0UuxGEkqigG6FSCyq2jdqXODVMk2s7dCYJmalahvyIW3fiwo2/IrjSTzG1Qag9q8N5wD23FTAqpGF8ahOTU9Mzs3Pz+sLi0vJKanWtJvxe6EDV8ZkfNlpEAKMeVCWVDBpBCIS3GNRb3fzAr99DKKjvVWQ/gCYnbY/eUYfIWLJTZ7gLUmFL0NttGxMWdEh0iMsc2uRWYU5kJ+RpRb0osreTaIf+OUMjqdmpjJE1fpEeJ2ZCMiiBZaeesOs7PQ6edBgR4sY0AtlUJJTUYRDpOg5IG4TsM1DAA9mPdNwTEBCnG+s31mXhqlCqHFVOy6WmKvbzPufEc/dGUqp4fVKwRovycRC/YtQFETsu3OHzY4XP46+5BD+o4yjS4zHm/9PHSW0na+5mdy72MrmDZNYc2kCbaAuZaB/l0AmyUBU56A19oC/0rUXas/aivQ6jE1rSWUcj0N5/AL/TlOU=</latexit>

... "For any state            that approaches to                at                 

there exists a state            that satisfies

(and it is given as such).

|�in
� �

<latexit sha1_base64="M7kTRWBpTXPWcuTBQb8JFge+vjI=">AAAB0HicZVDLTsJAFJ3iC+sLdelCIxtXpEUSXWKABBPAytswSIb2AhOmj3QGpZk0xoUbP8FfcKsf499YtRvkrE7OI7nnDj1GudC0LyWxsrq2vpHcVLe2d3b3UvsHbe7OfBNapstcvzskHBh1oCWoYND1fCD2kEFnOC38+J0H8Dl1naYIPOjbZOzQETWJiKRB6hhPQUhsTOi9xDYRE9+W1AnDASbMm5BwkEprGe0XJ8tEj0kaxTAGqTdsuebMBkeYjHDe0zVP9CXxBTUZhKqKPTIGLgIGEmxPBKGKZxw8Yk4jvWfUS41SrXnVvL6p9WU1KLi2TRwrt5CS1btyyVgsivlPvMGoBTxyLBjhSlHiSvQKi+BHWQxDNRqj/z99mbSzGf08k73NpfOX8awkOkKn6Azp6ALlURkZqIVM9ILe0Qf6VOrKXHlSnv+iCSXuHKIFKK/fjwuClw==</latexit>

|�+
� �

<latexit sha1_base64="THyCiJVHXOkDPia0JiOFKUCS0zQ=">AAABxnicZVDLTsJAFJ3iC+uraly5MbIxMSEtkugSAySYAFblZRgkw/SCE6aPdAaxmTTxO9y51S/ybyzKBjmrk/NI7rmDgDMhTfNbS62srq1vpDf1re2d3T1j/6Al/ElIoUl97oedARHAmQdNySSHThACcQcc2oNxcea3XyAUzPcaMgqg55KRx4aMEplIfeMIj0EqbAv2pM7jPiY8eCZx38iYWfMXJ8vEmpMMmsPuG+/Y8enEBU9SToToWmYge4qEklEOsa7jgIxAyIiDAjeQUazjiYCA0HGid+378kO53rhu3NzWe6oWFX3XJZ6TX0ip2mOlbC8W5ess/sCZAyJxHBjiaknhavIAh+CpKsWxnoyx/p++TFq5rHWRzd3lM4Wr+aw0Okan6AxZ6BIVUAXZqIkoUugDfaIvraJ52kSb/kVT2rxziBagvf0A3fd9tQ==</latexit>

t = ��,
<latexit sha1_base64="JooWKRpIyXG0NR8WzvwUpB0m0aI=">AAABt3icZY9LT8JAFIVvfWJ9oS7dGNm4UNIiibowwQAJJoBVnkoJmba3OGH6sDNomqb/woUb/V/+G4t2g5zVl3PPSe4xfEa5UJRvaWl5ZXVtPbMhb25t7+xm9/a73JsGJnZMj3lB3yAcGXWxI6hg2PcDJI7BsGdMyrN77xUDTj23LUIfhw4Zu9SmJhGJ9SSuz3Tq2iI8HWVzSl751dEiqCnkIJU2yn7olmdOHXSFyQjnA1XxxTAigaAmw1iWdZ+MkYuQYYSOL8JY1qccfWJOEn+gPVRb1Wb7pn171xxGjbDsOQ5xreJcKmo81qrafHEWbjFqIU98C229Xon0erLYIvpbVIljOZmi/n98EbqFvHqeL9wXc6XLdFQGDuEYTkCFCyhBDTTogAkuvMMnfElX0kiypee/6JKUdg5gTtLLDwYYd0w=</latexit>

S�� = ���� |�+
� �

=
�
�out
�

����out†
� �in

+

����in
�

�

<latexit sha1_base64="dvyiZN/Gv3Sr5ZbmhMOTnMbLSQ4="></latexit>

cf.)
for single channel.

M � ��� |V |�+
� �

<latexit sha1_base64="e5Qd/e7+nGKKYQzbu0MrhW6RRvw=">AAAB6XicZVBNT8JAEN36LX6hHr0QuZiYkFZN5IhBEkwAqwJiWCTb7Qgbtu2mu6hN4Ud4Mxy8+Fe86t1/46q9oO/05s2bybxxBGdSmeanMTM7N7+wuLScWlldW99Ib241ZTAMKTRowIOw5RAJnPnQUExxaIkQiOdwuHYGxe/+9T2EkgV+XUUCOh7p+eyOUaK01E3nsUdUnxKeqWIRBkIF2AnJAFSM7T7rYgcUGTVH2Ja6IFz0yW28Px6nUt101syZP8j8J1ZCsiiB3U1PsBvQoQe+opxI2bZMoToxCRWjHPRGLEgPpIo4xOAJFY1TeChBEDrQetu+LF2VavWT+tl5rRNXo2LgecR3j6ZccfWmXLKnB9Xjt/2KMxek7rhwhyunMa7oH7kEP8SnOo0OY/09/T9pHuSsw9zBxVG2kE9iLaEdtIv2kIWOUQGVkY0aiKIX9Ibe0YcxMJ6MZ2Pya50xkpltNAXj9QvpPYwh</latexit>

Remark

[Faddeev (1965), Hepp (1969)]
Orthogonality & completeness

e.g.) RA
± � B,

RA
± � RA�

± if A �= A�;
H = B �

�

A

RA
+ = B �

�

A

RA
�

<latexit sha1_base64="72ir/LM4Mg73Q3R90UOsIlvCyBY="></latexit>

e�iHt |�+
� �

t���������� e�iHint |�in
� �

<latexit sha1_base64="s9u4MjaLXti7DbHbd3uOl9NY4H4="></latexit>

Hin = Hfree + VAa + VBb

Hout = Hfree + VAB + Vab
<latexit sha1_base64="osTJjA8D58J+BTg6y8vzZaW5LLI="></latexit>

�A
± := lim

t���
exp (iHt) exp (�iHAt)

<latexit sha1_base64="HOjcvWtSUpfFOn40+35tD2+LMm8="></latexit>

[channel Møller operator]

M = 2�
�
�out
�

�� (H�Hout)
���+

�

�
<latexit sha1_base64="IRQzChZeDugE0QnidgQHn9wPfdw="></latexit>
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Factorizing the wavefunction & the matrix element

factorized form
[motion of heavy quarks]

[light quarks around the heavies]

Born-Oppenheimer approximation

(already
factorized) �

Kq +Kq̄ + V
�
�(r;R) = E�(R)�(r;R)

�
KX +KX̄

�
�(R) =

�
E � E�(R)

�
�(R)

<latexit sha1_base64="B+xumOIQbU0C4KrraprpRCPFRNg="></latexit>

where

Ψ(r, R) = φ(R)ψ(r; R)
<latexit sha1_base64="1Oiu2BNXHK6xX4cM4wlboFi7qsk=">AAAB33icZVDPSwJBGJ2139svq0OHLpIXhZBdCwoiMFQwUNv8leGIjLOjDc3uDjujJYvnbtGhS0H/SLco6N6tf6VLrWkH6x0+Hu+9D773NTmjQmrahxKYmJyanpmdU+cXFpeWgyurFeF0XEzK2GGOW20iQRi1SVlSyUiVuwRZTUZOmxfJgX/aJa6gjl2SPU7qFmrbtEUxkr7UCMagIWgEdnHI3RrMQvQA8vOhUohC/mvuD4VGMKzFtB+E/hN9RMKJ9a/P5/fHN6MRfICmgzsWsSVmSIiarnFZ95ArKWakr6qQozYRsseIRywue30VdgThCF/4es0opIvpfOmwdHScr3u5XtKxLGSbO2MpL3eWSRvji/JqEC8yahLhOyZpwWzKg1n/MyaCl16q31f9Mvrf0/+TSjymb8fiJ36rPTDELNgAmyACdLALEiADDFAGGNyBJ/ACXhWkXCs3yu0wGlBGO2tgDMr9N+Glinc=</latexit>

= � �̄D
�rq̄ �R/2� �

�̄D
�rq +R/2� + �̄D

�rq �R/2� + �̄D
�rq̄ +R/2�

<latexit sha1_base64="nm6TGh/tUhrC9VcaIYw5MmAUj8A="></latexit>

M = 2�
�
�out
�

�� (H�Hout)
���+

�

�
<latexit sha1_base64="IRQzChZeDugE0QnidgQHn9wPfdw="></latexit>
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Factorizing the wavefunction & the matrix element

factorized form
[light quarks around the heavies]

[with fixed R]

gives          &           as func. of

=: Vin(R)
<latexit sha1_base64="n5cT/5ENXIHIz54676o7EF/z4gg=">AAABwXicZY9LT8JAFIVvfWJ9VV24cENkgxvSoonGxAQDJJgAVt6GEjKdDmTC9JHOgJKmf8ToUv+HK/fu/CtutAgb5KxO7jknuZ/pMcqFqn5JS8srq2vrsQ15c2t7Z1fZ229wd+hjUscuc/2WiThh1CF1QQUjLc8nyDYZaZqD7CRvjojPqevUxNgjHRv1HdqjGIno1FWUq8uG8RBQJ0waIxyvnHSVhJpS/xRfNNrMJDKHP9/vny8feld5MiwXD23iCMwQ521N9UQnQL6gmJFQlg0P9QkXY0YCYntiHMrGkBMP4UF0b+uVfDVfrl3Xbm7LnaA0zrq2jRzrbK4VlO4LeX1+KB4n9SqjFuFRYpGeUcwFRjFit1CElAtDOYLR/r++aBrplHaaSt9FVBcwVQyO4BiSoME5ZKAAOtQBwwie4RXepKxEJU/yp9UlabY5gDlJwS8NX3/L</latexit>

[
− 1

2mX
∇2

R + VXX̄(R) + VBO(R)
]
ψXX̄

in = EψXX̄
in

<latexit sha1_base64="U0vvWRXgoTZWcCw9e7yWdZIG4tk="></latexit>

(Htot − HXX̄)ψqq̄
in = VBO(R)ψqq̄

in
<latexit sha1_base64="ekA1a6J6ZtOrLeCs8mb6VayVDQc="></latexit>

VBO ψqq̄
in

<latexit sha1_base64="STjcxkFJ/BuJd26SgaQEgU8eMh4=">AAAB4HicZVC5TsNAFFyH21wmNEg0EZEQVbADEpThsARSAEPiAMqGaL1eYJX1Ee8GsCxT0yEKGlo6JL6AFn6Ajr9hQ2gCU82bmSe9eU7IKBe6/qVkBgaHhkdGx9TxicmpaW0mW+NBJ8LExgELohMHccKoT2xBBSMnYUSQ5zBy7LS2uv7xFYk4DfyqiEPS8NCFT88pRkJKTW0ZbpZtM1eD18nmQQrDS+SLwEtu4eKtnDiVOvXTs6QNHRTl2mlTy+sF/Qe5/8T4JflS9uX5de6zaTW1J+gGuOMRX2CGOK8beigaCYoExYykqgpDdEG4iBlJiBeKOFVhh5MQ4ZbU69aRWTH3qxvV3YP9RrIXbwWeh3x3tS+V7J3umFb/orjpxiuMuoRLxyXnsLydwLJ8jYtkq+00VWUZ4+/p/0mtWDBWCsVD2Wod9DAK5sECWAIGWAMlsAMsYAMMHsEbeAcfiqPcKffKQy+aUX53ZkEflKdvzU6MOg==</latexit>

R
<latexit sha1_base64="B36Avbcsk8Q62LhPbNc4cuzCvVs=">AAABw3icZU/LTsJAFJ3iC+ur4tINkY0r0qKJLlFoggkgCgUMQ8h0eiETpo90BqVp+iMu3Oov+TcW7QY5m3tyHsk9dsCZkLr+reS2tnd29/L76sHh0fGJdlroC38RUrCoz/1waBMBnHlgSSY5DIMQiGtzGNjz2sofvEIomO/1ZBTA2CUzj00ZJTKVJloB3zctE9s+d0Tkpqf4PNFKeln/RXGTGBkpoQydifaOHZ8uXPAk5USIkaEHchyTUDLKIVFVHJAZCBlxiMENZJSoeCEgIHSe6qPOs9k127273sNjexy3oprvusRzrtdSceulYXbWi3K5inc5c0CkjgNT3KzHuJmudwh+i+tJoqZjjP+vb5J+pWxclStPeql6m83Ko3N0gS6RgW5QFTVQB1mIoiX6QJ/oSzGVuRIq8i+aU7LOGVqDkvwA65l7ug==</latexit>
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Factorizing the wavefunction & the matrix element

[with fixed R]

=: Vin(R)
<latexit sha1_base64="n5cT/5ENXIHIz54676o7EF/z4gg=">AAABwXicZY9LT8JAFIVvfWJ9VV24cENkgxvSoonGxAQDJJgAVt6GEjKdDmTC9JHOgJKmf8ToUv+HK/fu/CtutAgb5KxO7jknuZ/pMcqFqn5JS8srq2vrsQ15c2t7Z1fZ229wd+hjUscuc/2WiThh1CF1QQUjLc8nyDYZaZqD7CRvjojPqevUxNgjHRv1HdqjGIno1FWUq8uG8RBQJ0waIxyvnHSVhJpS/xRfNNrMJDKHP9/vny8feld5MiwXD23iCMwQ521N9UQnQL6gmJFQlg0P9QkXY0YCYntiHMrGkBMP4UF0b+uVfDVfrl3Xbm7LnaA0zrq2jRzrbK4VlO4LeX1+KB4n9SqjFuFRYpGeUcwFRjFit1CElAtDOYLR/r++aBrplHaaSt9FVBcwVQyO4BiSoME5ZKAAOtQBwwie4RXepKxEJU/yp9UlabY5gDlJwS8NX3/L</latexit>

1 2 3 4 5
-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

R/aq

V
in
[α

D
2 m

q
]

Vin(R)

-αD/R-1/4 αD2 mq

Vin �
1

2mq
(�r)2 �

�̄D
r

= 1
2mq

(�x)2
a2
q

� �̄D
xaq

= 1
a2
qmq

� (�x)2
2 � 1

x

�

<latexit sha1_base64="FgFedEYqwMYNwdZyykkn7lOqyvc="></latexit>

aq = (�̄Dmq)�1
<latexit sha1_base64="RHfHl1b1ByHZQdaGQDXLUNNuqpM=">AAAB2XicZVC7TgJBFJ3FF64v1NKGSIOFZBdJtDHBAAkmgChPw+BmdvcCE2Yf7Awq2WxhZyxs7PwOW/0P/8ZFaZBTnZxHcs/VXUa5UJRvKbK0vLK6Fl2XNza3tndiu3tN7ow9AxqGwxyvrRMOjNrQEFQwaLseEEtn0NKHuanfugePU8eui4kLXYv0bdqjBhGhpMWSRBudYwY9kcQ68TBh7oDgh3g+bmkj7NH+QBzd+cdqoMUSSkr5RXyRqDOSQDNUtdg7Nh1jbIEtDEY476iKK7o+8QQ1GASyjF3SBy4mDHywXDEJZDzm4BJjGOqd6k2hVqjUL+qXV5WuX57kHMsitpmZS/nl22KhOl8Uj9N4jVETeOiY0MOlvI9L4U/McJmfDwI5HKP+P32RNNMp9SSVvs4ksmezWVF0gA5REqnoFGVREVVRAxnoFX2gT/QldaQn6Vl6+YtGpFlnH81BevsBUY2EjA==</latexit>

Strasburger, JPB 35 (2002) 103
(theoretical calculation)

Vin depends only on "Bohr radius"
à we can use the result for H-H system.

(N.B. we are still under the assumption                      .)(1/aq) � ΛD
<latexit sha1_base64="mwfAETQeASV5VoT/n08hSSoh+eg=">AAABvnicZU9JT8JAGJ26Yl2oevRC5IIXbJFEjxggwQSwymooaabTDzJhutiZqk3T/2HiVX+U/8aivSDv9PKW5D3LZ5QLVf2WNja3tnd2c3vy/sHhUV45PhlyLwwIDIjHvGBsYQ6MujAQVDAY+wFgx2Iwshb1pT96gYBTz+2LyIepg+cunVGCRSqZSr6kXWLz+cLg1CkY7YapFNWy+ovCOtEyUkQZdFN5N2yPhA64gjDM+URTfTGNcSAoYZDIsuHjOXARMYjB8UWUyEbIwcdkkeoT/bHZa3b7t/27++407kR1z3Gwa1dXUnHnqdXUV4vLcI9RG3iq2zBLt8dGOz1uY+M1biSJnF7R/g9fJ8NKWbsqVx6qxdpNdiqHztA5KiENXaMaaiEdDRBBIfpAn+hLqkkzyZG8v+iGlHVO0Qqktx+LKniy</latexit>

(c.f. Bohr model En = ͮͣ2/2n2)
<latexit sha1_base64="HQHEumlfeiqWSbhYOFfiAB9jT98=">AAAB13icZVDLTsJQFLzFF9YX6tINERa4qW010Y0JCiSYAFZ5hwK53B6g4faR3oumadCdcWXizg9xq//h31iUDTKryZyZ5Mz0XGoyLsvfQmRpeWV1Lboubmxube/EdvdqzBl7BKrEoY7X6GEG1LShyk1OoeF6gK0ehXpvlJne6/fgMdOxK9x3oW3hgW32TYJ5KHVjqRSR+tLjlTP04pZjAI0nc137QrfGOqbuEHfUY9XuqMmjbiwhS/Iv4otEmZEEmkHrxt51wyFjC2xOKGaspcgubwfY4yahMBFF3cUDYNynEIDlcn8i6mMGLiajUG9pd7lyrlS5rFzflNpB0c84loVt43TOFRSb+Zw2H5yay9Q0gIW6AX29kA30QriIgfWHIDuZiGEV5f/ji6SmSsqJpN6qifT5rFQUHaBDlEIKOkNplEcaqiKCXtEH+kRfQlN4Ep6Flz9rRJhl9tEchLcf3DyCDQ==</latexit>

R� 1: VBO � ��̄2
Dmq = 2� (HX binding energy)

R� 1: VBO � ��̄2
Dmq/4 = (q-q̄ binding energy)

<latexit sha1_base64="eGGiPQYO9egu8AkLaNmTj48XpNw="></latexit>

flatness = screening by qs

[
− 1

2mX
∇2

R + VXX̄(R) + VBO(R)
]
ψXX̄

in = EψXX̄
in

<latexit sha1_base64="U0vvWRXgoTZWcCw9e7yWdZIG4tk="></latexit>

(Htot − HXX̄)ψqq̄
in = VBO(R)ψqq̄

in
<latexit sha1_base64="ekA1a6J6ZtOrLeCs8mb6VayVDQc="></latexit>

gives          &           as func. ofVBO ψqq̄
in

<latexit sha1_base64="STjcxkFJ/BuJd26SgaQEgU8eMh4=">AAAB4HicZVC5TsNAFFyH21wmNEg0EZEQVbADEpThsARSAEPiAMqGaL1eYJX1Ee8GsCxT0yEKGlo6JL6AFn6Ajr9hQ2gCU82bmSe9eU7IKBe6/qVkBgaHhkdGx9TxicmpaW0mW+NBJ8LExgELohMHccKoT2xBBSMnYUSQ5zBy7LS2uv7xFYk4DfyqiEPS8NCFT88pRkJKTW0ZbpZtM1eD18nmQQrDS+SLwEtu4eKtnDiVOvXTs6QNHRTl2mlTy+sF/Qe5/8T4JflS9uX5de6zaTW1J+gGuOMRX2CGOK8beigaCYoExYykqgpDdEG4iBlJiBeKOFVhh5MQ4ZbU69aRWTH3qxvV3YP9RrIXbwWeh3x3tS+V7J3umFb/orjpxiuMuoRLxyXnsLydwLJ8jYtkq+00VWUZ4+/p/0mtWDBWCsVD2Wod9DAK5sECWAIGWAMlsAMsYAMMHsEbeAcfiqPcKffKQy+aUX53ZkEflKdvzU6MOg==</latexit>

R
<latexit sha1_base64="B36Avbcsk8Q62LhPbNc4cuzCvVs=">AAABw3icZU/LTsJAFJ3iC+ur4tINkY0r0qKJLlFoggkgCgUMQ8h0eiETpo90BqVp+iMu3Oov+TcW7QY5m3tyHsk9dsCZkLr+reS2tnd29/L76sHh0fGJdlroC38RUrCoz/1waBMBnHlgSSY5DIMQiGtzGNjz2sofvEIomO/1ZBTA2CUzj00ZJTKVJloB3zctE9s+d0Tkpqf4PNFKeln/RXGTGBkpoQydifaOHZ8uXPAk5USIkaEHchyTUDLKIVFVHJAZCBlxiMENZJSoeCEgIHSe6qPOs9k127273sNjexy3oprvusRzrtdSceulYXbWi3K5inc5c0CkjgNT3KzHuJmudwh+i+tJoqZjjP+vb5J+pWxclStPeql6m83Ko3N0gS6RgW5QFTVQB1mIoiX6QJ/oSzGVuRIq8i+aU7LOGVqDkvwA65l7ug==</latexit>
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Here are the materials; just to calculate.

=
�

d3R�XX̄out (R)� T (R)�XX̄in (R)
<latexit sha1_base64="aeXU2Pl9v/11f0QM/gXwyog1RKY=">AAACCHicZZDLTsJAFIaneMN6Q126IbJBQ0gLJLoxwQAJJoDI3TBAptOBTJhe0hlQ0vQFfASfwp1x4ca3cO1W38GC3SD/6s/5v5Oc/2g2o1woyqcUWlvf2NwKb8s7u3v7B5HDoxa3Jg4mTWwxy+loiBNGTdIUVDDSsR2CDI2RtjbOzfP2lDicWmZDzGzSM9DIpEOKkfBHg0j7ClJTQF3vp+EUR2swEYU2p/DBtSbC67sdqCEn2vHii/Ssfw4TjcDDREBScxUcRGJKUlkoumrUwMRAoOog8gx1C08MYgrMEOddVbFFz0WOoJgRT5ahjUaEixkjLjFsMfNkOOHERnjsz7vVWqFeqDSuGze3lZ5bnuUsw0Cmnlmi3PJ9sVBdXhSPc7zOqE64n+hkCEt5F5b8F+rIL5f3PNkvo/4/fdW0Ukk1nUzdZWLZy6BWGJyAUxAHKrgAWVAEVdAEGLyDL/ANfqQn6UV6ld7+0JAU7ByDJUkfv6UYliY=</latexit>

mX =104 , ℓ=0 , Ei=0.2Eb

mX =105, ℓ=0, Ei=0.2Eb

mX =105, ℓ=25 , Ei=0.2Eb

mX =105, ℓ=0 , Ei=2×10-8Eb

0 1 2 3 4
-1.0

-0.5

0.0

0.5

R/aq

ψ
X_
X

incoming XX wavesM = 2�
�
�out
�

�� (H�Hout)
���+

�

�
<latexit sha1_base64="IRQzChZeDugE0QnidgQHn9wPfdw="></latexit>

T (R) :=
�

d3rqd3rq̄ �
qq̄�
out (H�Hout)�qq̄

in
<latexit sha1_base64="1BtWM63VimHQAFSpW4NCGBu9/ts="></latexit>

[
− 1

2mX
∇2

R + Vin(R)
]
ψXX̄

in = EψXX̄
in

<latexit sha1_base64="ThYymKf86ZQTsjp6WrSy5EBR/OQ="></latexit>

(Htot − HXX̄)ψqq̄
in = VBO(R)ψqq̄

in
<latexit sha1_base64="ekA1a6J6ZtOrLeCs8mb6VayVDQc="></latexit>

Incoming wavefunctions: BO approx.

Outgoing wavefunctions: free waves Incoming: mX =105, ℓ=0 , Ei=0.2Eb

Outgoing: mX =105, ℓ=0, n=24

0 1 2 3 4
-1.5
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0.5

1.0

R/aq

ψ
X_
X

XX waves

~free plain-wave
(∵ flat potential)
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HX
<latexit sha1_base64="wIL4UGduMeppkN6zmHKneFtsO8c=">AAABnHicZY9LT8JAFIXv4AvrC3VpYoxsXJEWSXSJQZIaU6zyNEDIdLiSCdN20hmMTdOdW7f62/w3gnaDfKuTc89JzvWk4Eqb5jfJra1vbG7lt42d3b39g8LhUUeFs4hhm4UijHoeVSh4gG3NtcCejJD6nsCuN60t7t1XjBQPg5aOJQ59Ogn4C2dUz62mPeqNCkWzZP5ytiqsTBQhwx0V3gfjkM18DDQTVKm+ZUo9TGikOROYGsZA0gkqHQtM0Jc6To3BTKGkbDr3++5TvVlvtG5adw+NYeLEtdD3aTCuLKUS59muu8tF/baINwUfo0qN+Wzr/8hV0SmXrMtS+bFSrF5nD+ThBM7hAiy4girY4EIbGEzgAz7hi5ySW3JPnL9ojmSdY1iCdH4AZQRsxA==</latexit>

H̄X
<latexit sha1_base64="TAFvuSopDr+CXzpS+H1IVlEcrMg=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IiiS4xhAQWYOVZQwmZDlcyYdpOOoOxadj5C9zqH/PfCNoN8q1Ozj0nOdeXgittWd8kt7O7t3+QPzSOjk9OzwrnFwMVLWKGfRaJKHZ9qlDwEPuaa4GujJEGvsChP6+t78NXjBWPwp5OJI4DOgv5C2dUryzX82lcbEzcScG0StYvxW1hZ8KEDGdSePemEVsEGGomqFIj25J6nNJYcyZwaRiepDNUOhGYYiB1sjS8hUJJ2Xzlj5xOvVtv9x56zcf2OG0ltSgIaDitbKTS1nOj7mwW9ds63hV8impprGbb/0dui0G5ZN+Wyk8Vs3qfPZCHK7iGG7DhDqrQAAf6wEDAB3zCFzFJkzik8xfNkaxzCRuQ0Q8xem6n</latexit>

(XX̄)
<latexit sha1_base64="avFgX9H3OJNnPhE0FBjQZ3gWWRY=">AAABt3icZU/JTsJQFL3FCeuEunRDZIMb0iKJusMACSaAVaYSSsjr6wUbXgf7HmrT8BWuTPTD/BuLdoOc1ckZknNMn9lcKMq3lNrY3NreSe/Ke/sHh0eZ45Me9+YBxS71mBfoJuHIbBe7whYMdT9A4pgM++assvT7Lxhw23M7IvRx5JCpa09sSkQsDfK6YZIgq1+MMzmloPwiu07UhOQggTbOfBiWR+cOuoIywvlQVXwxikggbMpwIcuGT6bIRcgwQscX4UI25hx9QmexPtQea+1aq3PbubtvjaJmWPEch7hWaSUVNQf1mrZaFG/LeJvZFvLYsXBiNKqR0YgvW8R4zVYXcvxF/b98nfSKBfWyUHwo5crXyas0nME55EGFKyhDHTToAgUH3uETvqQbaSxNpKe/aEpKOqewAun5BzT7dn4=</latexit>

(qq̄)
<latexit sha1_base64="rv3EeojPK1aH+H5mN+ridC24ooI=">AAABt3icZU/LTsJAFL31ifWFunRDZIMb0iKJusMACSaAKO9QQqbTC06YPugMatPwFa5M9MP8G4t2g5zVyXkk55geZ0Jq2reysbm1vbOb2FP3Dw6PjpMnpx3hzn2Kbepy1++ZRCBnDrYlkxx7no/ENjl2zWlx6Xdf0BfMdVoy8HBok4nDxowSGUn9zMwwiZ+aXY6SaS2r/SK1TvSYpCFGY5T8MCyXzm10JOVEiIGueXIYEl8yynGhqoZHJihkwDFE25PBQjXmAj1Cp5E+aDyVm+V66651/1AfhrWg6No2caz8Siqs9SvlxmpRvi3jTc4sFJFj4diolkKjGl22iPGaKi3U6Iv+f/k66eSy+lU295hPF27iVwk4hwvIgA7XUIAKNKANFGx4h0/4Um6VkTJWnv+iG0rcOYMVKLMfdml2sA==</latexit>

aq = (�̄Dmq)�1
<latexit sha1_base64="RHfHl1b1ByHZQdaGQDXLUNNuqpM=">AAAB2XicZVC7TgJBFJ3FF64v1NKGSIOFZBdJtDHBAAkmgChPw+BmdvcCE2Yf7Awq2WxhZyxs7PwOW/0P/8ZFaZBTnZxHcs/VXUa5UJRvKbK0vLK6Fl2XNza3tndiu3tN7ow9AxqGwxyvrRMOjNrQEFQwaLseEEtn0NKHuanfugePU8eui4kLXYv0bdqjBhGhpMWSRBudYwY9kcQ68TBh7oDgh3g+bmkj7NH+QBzd+cdqoMUSSkr5RXyRqDOSQDNUtdg7Nh1jbIEtDEY476iKK7o+8QQ1GASyjF3SBy4mDHywXDEJZDzm4BJjGOqd6k2hVqjUL+qXV5WuX57kHMsitpmZS/nl22KhOl8Uj9N4jVETeOiY0MOlvI9L4U/McJmfDwI5HKP+P32RNNMp9SSVvs4ksmezWVF0gA5REqnoFGVREVVRAxnoFX2gT/QldaQn6Vl6+YtGpFlnH81BevsBUY2EjA==</latexit>

(Bohr rad.)

Eb = binding energy of HX
<latexit sha1_base64="GRksG+zhL1xHBsVHq7GPLrBA2tw=">AAAB4HicZVBLT8JAGNziC+sL9eilEQ6eSIskejHBAAkmgChPwxKybT+aDdtHuovQNL17M540/hev+hv8NxblgsxpMt9M8s3oHqNcqOq3lFhb39jcSm7LO7t7+wepw6MOdye+AW3DZa7f0wkHRh1oCyoY9DwfiK0z6Orj4vzefQSfU9dpicCDgU0sh46oQUQsDVMaHvnEBt2dhZkyniq6cqVgATMR6tQxqWMp4IBvBYo7UqLKsJeJhqm0mlV/oawSbUHSaIHGMPWGTdeY2OAIgxHO+5rqiUFIfEENBpEsY49YwEXAIATbE0Ek4wkHjxjjWO837svNcr113bq5rQ/CWlB0bZs4Zn7JFdYeKuXGcnBubjJqAo91E0a4WgpxNZ7GJHgalqJIjqto/x9fJZ1cVjvP5u7y6cLlolQSnaBTdIY0dIEKqIIaqI0M9Io+0Cf6knTpSXqWXv6sCWmROUZLkN5/APoQhyw=</latexit>

� aq � ��1
D

<latexit sha1_base64="MZ5vKX8zLZ+9zIgDfdHqBJh2NIw=">AAABxnicZVDLTsJAFL3FF9ZX1bhyQ2TjRtIiiS4xQIIJYFVehmIztAOZMH3YmYrNpInf4c6tfpF/Y8FukLO5J+ecm9xzRz4ljKvqj5RZW9/Y3Mpuyzu7e/sHyuFRl3lhYOGO5VEv6I8Qw5S4uMMJp7jvBxg5I4p7o2ll7vdeccCI57Z55OOhgyYuGRML8UQylRODESeHzJfFNBrVZ3GhxaaSVwvqArlVoqUkDyl0U/kwbM8KHexyiyLGBprq86FAAScWxbEsGz6aYMYjigV2fB7FshEy7CNrmugD/aH2WGu1b9q3d62haEYVz3GQa5eWUqL5VK/py4v8bR5/pMTGLHFsPE4qCKORPMBGxkxU41hOymj/T18l3WJBuywU70v58nVaKwuncAbnoMEVlKEOOnTAAgGf8AXfUl1ypVCa/UUzUrpzDEuQ3n8Bgc58rg==</latexit>



Here are the materials; just to calculate.

=
�

d3R�XX̄out (R)� T (R)�XX̄in (R)
<latexit sha1_base64="aeXU2Pl9v/11f0QM/gXwyog1RKY=">AAACCHicZZDLTsJAFIaneMN6Q126IbJBQ0gLJLoxwQAJJoDI3TBAptOBTJhe0hlQ0vQFfASfwp1x4ca3cO1W38GC3SD/6s/5v5Oc/2g2o1woyqcUWlvf2NwKb8s7u3v7B5HDoxa3Jg4mTWwxy+loiBNGTdIUVDDSsR2CDI2RtjbOzfP2lDicWmZDzGzSM9DIpEOKkfBHg0j7ClJTQF3vp+EUR2swEYU2p/DBtSbC67sdqCEn2vHii/Ssfw4TjcDDREBScxUcRGJKUlkoumrUwMRAoOog8gx1C08MYgrMEOddVbFFz0WOoJgRT5ahjUaEixkjLjFsMfNkOOHERnjsz7vVWqFeqDSuGze3lZ5bnuUsw0Cmnlmi3PJ9sVBdXhSPc7zOqE64n+hkCEt5F5b8F+rIL5f3PNkvo/4/fdW0Ukk1nUzdZWLZy6BWGJyAUxAHKrgAWVAEVdAEGLyDL/ANfqQn6UV6ld7+0JAU7ByDJUkfv6UYliY=</latexit>

M = 2�
�
�out
�

�� (H�Hout)
���+

�

�
<latexit sha1_base64="IRQzChZeDugE0QnidgQHn9wPfdw="></latexit>

T (R) :=
�

d3rqd3rq̄ �
qq̄�
out (H�Hout)�qq̄

in
<latexit sha1_base64="1BtWM63VimHQAFSpW4NCGBu9/ts="></latexit>

[
− 1

2mX
∇2

R + Vin(R)
]
ψXX̄

in = EψXX̄
in

<latexit sha1_base64="ThYymKf86ZQTsjp6WrSy5EBR/OQ="></latexit>

(Htot − HXX̄)ψqq̄
in = VBO(R)ψqq̄

in
<latexit sha1_base64="ekA1a6J6ZtOrLeCs8mb6VayVDQc="></latexit>

Incoming wavefunctions: BO approx.

Outgoing wavefunctions: free waves
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HX
<latexit sha1_base64="wIL4UGduMeppkN6zmHKneFtsO8c=">AAABnHicZY9LT8JAFIXv4AvrC3VpYoxsXJEWSXSJQZIaU6zyNEDIdLiSCdN20hmMTdOdW7f62/w3gnaDfKuTc89JzvWk4Eqb5jfJra1vbG7lt42d3b39g8LhUUeFs4hhm4UijHoeVSh4gG3NtcCejJD6nsCuN60t7t1XjBQPg5aOJQ59Ogn4C2dUz62mPeqNCkWzZP5ytiqsTBQhwx0V3gfjkM18DDQTVKm+ZUo9TGikOROYGsZA0gkqHQtM0Jc6To3BTKGkbDr3++5TvVlvtG5adw+NYeLEtdD3aTCuLKUS59muu8tF/baINwUfo0qN+Wzr/8hV0SmXrMtS+bFSrF5nD+ThBM7hAiy4girY4EIbGEzgAz7hi5ySW3JPnL9ojmSdY1iCdH4AZQRsxA==</latexit>

H̄X
<latexit sha1_base64="TAFvuSopDr+CXzpS+H1IVlEcrMg=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IiiS4xhAQWYOVZQwmZDlcyYdpOOoOxadj5C9zqH/PfCNoN8q1Ozj0nOdeXgittWd8kt7O7t3+QPzSOjk9OzwrnFwMVLWKGfRaJKHZ9qlDwEPuaa4GujJEGvsChP6+t78NXjBWPwp5OJI4DOgv5C2dUryzX82lcbEzcScG0StYvxW1hZ8KEDGdSePemEVsEGGomqFIj25J6nNJYcyZwaRiepDNUOhGYYiB1sjS8hUJJ2Xzlj5xOvVtv9x56zcf2OG0ltSgIaDitbKTS1nOj7mwW9ds63hV8impprGbb/0dui0G5ZN+Wyk8Vs3qfPZCHK7iGG7DhDqrQAAf6wEDAB3zCFzFJkzik8xfNkaxzCRuQ0Q8xem6n</latexit>

(XX̄)
<latexit sha1_base64="avFgX9H3OJNnPhE0FBjQZ3gWWRY=">AAABt3icZU/JTsJQFL3FCeuEunRDZIMb0iKJusMACSaAVaYSSsjr6wUbXgf7HmrT8BWuTPTD/BuLdoOc1ckZknNMn9lcKMq3lNrY3NreSe/Ke/sHh0eZ45Me9+YBxS71mBfoJuHIbBe7whYMdT9A4pgM++assvT7Lxhw23M7IvRx5JCpa09sSkQsDfK6YZIgq1+MMzmloPwiu07UhOQggTbOfBiWR+cOuoIywvlQVXwxikggbMpwIcuGT6bIRcgwQscX4UI25hx9QmexPtQea+1aq3PbubtvjaJmWPEch7hWaSUVNQf1mrZaFG/LeJvZFvLYsXBiNKqR0YgvW8R4zVYXcvxF/b98nfSKBfWyUHwo5crXyas0nME55EGFKyhDHTToAgUH3uETvqQbaSxNpKe/aEpKOqewAun5BzT7dn4=</latexit>

(qq̄)
<latexit sha1_base64="rv3EeojPK1aH+H5mN+ridC24ooI=">AAABt3icZU/LTsJAFL31ifWFunRDZIMb0iKJusMACSaAKO9QQqbTC06YPugMatPwFa5M9MP8G4t2g5zVyXkk55geZ0Jq2reysbm1vbOb2FP3Dw6PjpMnpx3hzn2Kbepy1++ZRCBnDrYlkxx7no/ENjl2zWlx6Xdf0BfMdVoy8HBok4nDxowSGUn9zMwwiZ+aXY6SaS2r/SK1TvSYpCFGY5T8MCyXzm10JOVEiIGueXIYEl8yynGhqoZHJihkwDFE25PBQjXmAj1Cp5E+aDyVm+V66651/1AfhrWg6No2caz8Siqs9SvlxmpRvi3jTc4sFJFj4diolkKjGl22iPGaKi3U6Iv+f/k66eSy+lU295hPF27iVwk4hwvIgA7XUIAKNKANFGx4h0/4Um6VkTJWnv+iG0rcOYMVKLMfdml2sA==</latexit>

Jonsell, Saens, Froelich, Zygelman, Dalgarno
JPB 37 (2004) 1195.

We neglect the angular dependence of T

so that we use H-H results

T (R) = T (R,�R) � T (R)
<latexit sha1_base64="9nBqZN0ec9YQr9IJyKqMhcXET50=">AAAB2XicZVDLSsNAFJ34Nr6iLt0Uu0lBSqIF3QiKLVRoa21TH3RKmExuS3CSDJmpNoQs3IkLN+78Drf6H/6NUbupPavDecA91+HME9IwvpSZ2bn5hcWlZXVldW19Q9vcuhLhMKLQoSELoxuHCGBeAB3pSQY3PALiOwyunbuzH//6HiLhhYElYw49nwwCr+9RIjPJ1nRLx/c01yocW3prD1/4MCB28iulBUw4j8JRLrMKtpY3isYvctPEHJM8GqNpa2/YDenQh0BSRoTomgaXvYRE0qMMUlXFnAxAyJhBAj6XcarioQBO6F2md5utSrvSsE6t84tGL6nHZ6Hvk8AtTaSS+m210pwsytFPvM08F0TmuNDHtXKCa9lPXIIfknKaqtkY8//p0+Rqv2geFPcvS/mTo/GsJbSDdpGOTHSITlAVNVEHUfSC3tEH+lS6yqPypDz/RWeUcWcbTUB5/QY6D4MN</latexit>

T (R) =

�
��

��

(const.)�
�
Ef + 1

4 �̄
2
Dmq � VBO(R)

�

for R > 0.74aq
0 for R � 0.74aq

<latexit sha1_base64="apfZAhqU/+vwyL1GRy2HVKdkz4o="></latexit>

BO is no longer valid since
qs are attracted by each other.

Strasburger, JPB 35 (2002) 103

This  corresponds to "dipole approx."

,

which we can validate for

exp [ikf · (rq + rq̄)] � 1
<latexit sha1_base64="UuiVxpHdpGEgC351jUPJApSKcyo="></latexit>

Remark

kf � �D

rq � ��1
D

<latexit sha1_base64="h4pb5w9ZlRoNA/xOnASKNxPJvS0=">AAAB5HicZVDLTsJAFJ3iC+sLdemGSGLcSFoh0SUGSDABRHkaBskwvSUTpg87A0qa/oE740IX/opb/QT/xoIsRM7q5DySe27P5UxITftWIkvLK6tr0XV1Y3Nreye2u9cQztCjUKcOd7xWjwjgzIa6ZJJDy/WAWD0Ozd4gO/GbI/AEc+yaHLvQsUjfZiajRIZSN5Y6wiMaH+AH3wwwByEEs3Axh7E6Nbyuf/9Xv/NP9KAbS2hJbYr4ItFnJIFmqHRjb9hw6NACW1JOhGjrmis7PvEkoxwCVcUu6YOQYw4+WK4cByoeCnAJHYR6u3KTr+bLtYva5VW545fGWceyiG2k51J+6baQr8wX5eMkXuXMABE6BpjhBB8Xw/cYJJycCwI1HKP/P32RNE6Teip5ep1OZM5ns6LoAB2iY6SjM5RBBVRBdUTRK/pAn+hLMZUn5Vl5+Y1GlFlnH81Bef8BQ6yJUQ==</latexit>

[shallower (XX̄)]
[deeper/ground (qq̄)].

<latexit sha1_base64="HRmYsb43kurg/+76gikHvOWX6Qo="></latexit>

Mnlm(Ein) =
�

d3R
�
�XX̄out

��
nlm

T (R)
�
�XX̄in

�
Ein,l

<latexit sha1_base64="SsTq9uw1S2OjQ07ahjjqVqdXe4A="></latexit>

aq = (�̄Dmq)�1
<latexit sha1_base64="RHfHl1b1ByHZQdaGQDXLUNNuqpM=">AAAB2XicZVC7TgJBFJ3FF64v1NKGSIOFZBdJtDHBAAkmgChPw+BmdvcCE2Yf7Awq2WxhZyxs7PwOW/0P/8ZFaZBTnZxHcs/VXUa5UJRvKbK0vLK6Fl2XNza3tndiu3tN7ow9AxqGwxyvrRMOjNrQEFQwaLseEEtn0NKHuanfugePU8eui4kLXYv0bdqjBhGhpMWSRBudYwY9kcQ68TBh7oDgh3g+bmkj7NH+QBzd+cdqoMUSSkr5RXyRqDOSQDNUtdg7Nh1jbIEtDEY476iKK7o+8QQ1GASyjF3SBy4mDHywXDEJZDzm4BJjGOqd6k2hVqjUL+qXV5WuX57kHMsitpmZS/nl22KhOl8Uj9N4jVETeOiY0MOlvI9L4U/McJmfDwI5HKP+P32RNNMp9SSVvs4ksmezWVF0gA5REqnoFGVREVVRAxnoFX2gT/QldaQn6Vl6+YtGpFlnH81BevsBUY2EjA==</latexit>

(Bohr rad.)

Eb = binding energy of HX
<latexit sha1_base64="GRksG+zhL1xHBsVHq7GPLrBA2tw=">AAAB4HicZVBLT8JAGNziC+sL9eilEQ6eSIskejHBAAkmgChPwxKybT+aDdtHuovQNL17M540/hev+hv8NxblgsxpMt9M8s3oHqNcqOq3lFhb39jcSm7LO7t7+wepw6MOdye+AW3DZa7f0wkHRh1oCyoY9DwfiK0z6Orj4vzefQSfU9dpicCDgU0sh46oQUQsDVMaHvnEBt2dhZkyniq6cqVgATMR6tQxqWMp4IBvBYo7UqLKsJeJhqm0mlV/oawSbUHSaIHGMPWGTdeY2OAIgxHO+5rqiUFIfEENBpEsY49YwEXAIATbE0Ek4wkHjxjjWO837svNcr113bq5rQ/CWlB0bZs4Zn7JFdYeKuXGcnBubjJqAo91E0a4WgpxNZ7GJHgalqJIjqto/x9fJZ1cVjvP5u7y6cLlolQSnaBTdIY0dIEKqIIaqI0M9Io+0Cf6knTpSXqWXv6sCWmROUZLkN5/APoQhyw=</latexit>

� aq � ��1
D

<latexit sha1_base64="MZ5vKX8zLZ+9zIgDfdHqBJh2NIw=">AAABxnicZVDLTsJAFL3FF9ZX1bhyQ2TjRtIiiS4xQIIJYFVehmIztAOZMH3YmYrNpInf4c6tfpF/Y8FukLO5J+ecm9xzRz4ljKvqj5RZW9/Y3Mpuyzu7e/sHyuFRl3lhYOGO5VEv6I8Qw5S4uMMJp7jvBxg5I4p7o2ll7vdeccCI57Z55OOhgyYuGRML8UQylRODESeHzJfFNBrVZ3GhxaaSVwvqArlVoqUkDyl0U/kwbM8KHexyiyLGBprq86FAAScWxbEsGz6aYMYjigV2fB7FshEy7CNrmugD/aH2WGu1b9q3d62haEYVz3GQa5eWUqL5VK/py4v8bR5/pMTGLHFsPE4qCKORPMBGxkxU41hOymj/T18l3WJBuywU70v58nVaKwuncAbnoMEVlKEOOnTAAgGf8AXfUl1ypVCa/UUzUrpzDEuQ3n8Bgc58rg==</latexit>

https://iopscience.iop.org/article/10.1088/0953-4075/37/6/005/meta
https://iopscience.iop.org/article/10.1088/0953-4075/35/19/103/


Then we got results; several interesting properties.
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HX
<latexit sha1_base64="wIL4UGduMeppkN6zmHKneFtsO8c=">AAABnHicZY9LT8JAFIXv4AvrC3VpYoxsXJEWSXSJQZIaU6zyNEDIdLiSCdN20hmMTdOdW7f62/w3gnaDfKuTc89JzvWk4Eqb5jfJra1vbG7lt42d3b39g8LhUUeFs4hhm4UijHoeVSh4gG3NtcCejJD6nsCuN60t7t1XjBQPg5aOJQ59Ogn4C2dUz62mPeqNCkWzZP5ytiqsTBQhwx0V3gfjkM18DDQTVKm+ZUo9TGikOROYGsZA0gkqHQtM0Jc6To3BTKGkbDr3++5TvVlvtG5adw+NYeLEtdD3aTCuLKUS59muu8tF/baINwUfo0qN+Wzr/8hV0SmXrMtS+bFSrF5nD+ThBM7hAiy4girY4EIbGEzgAz7hi5ySW3JPnL9ojmSdY1iCdH4AZQRsxA==</latexit>

H̄X
<latexit sha1_base64="TAFvuSopDr+CXzpS+H1IVlEcrMg=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IiiS4xhAQWYOVZQwmZDlcyYdpOOoOxadj5C9zqH/PfCNoN8q1Ozj0nOdeXgittWd8kt7O7t3+QPzSOjk9OzwrnFwMVLWKGfRaJKHZ9qlDwEPuaa4GujJEGvsChP6+t78NXjBWPwp5OJI4DOgv5C2dUryzX82lcbEzcScG0StYvxW1hZ8KEDGdSePemEVsEGGomqFIj25J6nNJYcyZwaRiepDNUOhGYYiB1sjS8hUJJ2Xzlj5xOvVtv9x56zcf2OG0ltSgIaDitbKTS1nOj7mwW9ds63hV8impprGbb/0dui0G5ZN+Wyk8Vs3qfPZCHK7iGG7DhDqrQAAf6wEDAB3zCFzFJkzik8xfNkaxzCRuQ0Q8xem6n</latexit>

(XX̄)
<latexit sha1_base64="avFgX9H3OJNnPhE0FBjQZ3gWWRY=">AAABt3icZU/JTsJQFL3FCeuEunRDZIMb0iKJusMACSaAVaYSSsjr6wUbXgf7HmrT8BWuTPTD/BuLdoOc1ckZknNMn9lcKMq3lNrY3NreSe/Ke/sHh0eZ45Me9+YBxS71mBfoJuHIbBe7whYMdT9A4pgM++assvT7Lxhw23M7IvRx5JCpa09sSkQsDfK6YZIgq1+MMzmloPwiu07UhOQggTbOfBiWR+cOuoIywvlQVXwxikggbMpwIcuGT6bIRcgwQscX4UI25hx9QmexPtQea+1aq3PbubtvjaJmWPEch7hWaSUVNQf1mrZaFG/LeJvZFvLYsXBiNKqR0YgvW8R4zVYXcvxF/b98nfSKBfWyUHwo5crXyas0nME55EGFKyhDHTToAgUH3uETvqQbaSxNpKe/aEpKOqewAun5BzT7dn4=</latexit>

(qq̄)
<latexit sha1_base64="rv3EeojPK1aH+H5mN+ridC24ooI=">AAABt3icZU/LTsJAFL31ifWFunRDZIMb0iKJusMACSaAKO9QQqbTC06YPugMatPwFa5M9MP8G4t2g5zVyXkk55geZ0Jq2reysbm1vbOb2FP3Dw6PjpMnpx3hzn2Kbepy1++ZRCBnDrYlkxx7no/ENjl2zWlx6Xdf0BfMdVoy8HBok4nDxowSGUn9zMwwiZ+aXY6SaS2r/SK1TvSYpCFGY5T8MCyXzm10JOVEiIGueXIYEl8yynGhqoZHJihkwDFE25PBQjXmAj1Cp5E+aDyVm+V66651/1AfhrWg6No2caz8Siqs9SvlxmpRvi3jTc4sFJFj4diolkKjGl22iPGaKi3U6Iv+f/k66eSy+lU295hPF27iVwk4hwvIgA7XUIAKNKANFGx4h0/4Um6VkTJWnv+iG0rcOYMVKLMfdml2sA==</latexit>

�r�
a

� 3n2 � l2

2
<latexit sha1_base64="Gg3ULExUhYYDFHZzcgiTS5oR59Q=">AAAB5XicZVC7TsNAEDzzDOZloKSxSENDZJtIUIKSSEFKwEDCQ1yILueNdeL8wHcBrJM/gQ5R0PArtPAH/A0G3ASmGu3MaHd2EHMmpGV9ahOTU9Mzs6U5fX5hcWnZWFk9E9EoodClEY+SiwERwFkIXckkh4s4ARIMOJwPbmrf+vkdJIJFYUemMfQC4odsyCiR+ahvVPEwIVRhTkKfg5ng5IdkimQmFiyAW/PXsR1eO1v82smUk/WNslWxfmD+J3ZByqiA2zdesBfRUQChpJwIcWVbsewpkkhG82W6jmPig5ApBwVBLNNMxyMBMaE3+fzKPWmcNg47+52Do8Oeaqe1KAhI6FXHXKp92Wy440H58G0/5cwDkSseDHGrrnAr/49H8L2qZ5mel7H/nv6fnDkVe7viHFfLe7tFrRJaRxtoE9loB+2hJnJRF1H0gt7QO/rQfO1Re9Kef60TWpFZQ2PQXr8As0SKNw==</latexit>

Coulomb potential expectation:aq = (�̄Dmq)�1
<latexit sha1_base64="RHfHl1b1ByHZQdaGQDXLUNNuqpM=">AAAB2XicZVC7TgJBFJ3FF64v1NKGSIOFZBdJtDHBAAkmgChPw+BmdvcCE2Yf7Awq2WxhZyxs7PwOW/0P/8ZFaZBTnZxHcs/VXUa5UJRvKbK0vLK6Fl2XNza3tndiu3tN7ow9AxqGwxyvrRMOjNrQEFQwaLseEEtn0NKHuanfugePU8eui4kLXYv0bdqjBhGhpMWSRBudYwY9kcQ68TBh7oDgh3g+bmkj7NH+QBzd+cdqoMUSSkr5RXyRqDOSQDNUtdg7Nh1jbIEtDEY476iKK7o+8QQ1GASyjF3SBy4mDHywXDEJZDzm4BJjGOqd6k2hVqjUL+qXV5WuX57kHMsitpmZS/nl22KhOl8Uj9N4jVETeOiY0MOlvI9L4U/McJmfDwI5HKP+P32RNNMp9SSVvs4ksmezWVF0gA5REqnoFGVREVVRAxnoFX2gT/QldaQn6Vl6+YtGpFlnH81BevsBUY2EjA==</latexit>

(Bohr rad.)

... deeper/ground states

... highly-excited states

Eb = binding energy of HX
<latexit sha1_base64="GRksG+zhL1xHBsVHq7GPLrBA2tw=">AAAB4HicZVBLT8JAGNziC+sL9eilEQ6eSIskejHBAAkmgChPwxKybT+aDdtHuovQNL17M540/hev+hv8NxblgsxpMt9M8s3oHqNcqOq3lFhb39jcSm7LO7t7+wepw6MOdye+AW3DZa7f0wkHRh1oCyoY9DwfiK0z6Orj4vzefQSfU9dpicCDgU0sh46oQUQsDVMaHvnEBt2dhZkyniq6cqVgATMR6tQxqWMp4IBvBYo7UqLKsJeJhqm0mlV/oawSbUHSaIHGMPWGTdeY2OAIgxHO+5rqiUFIfEENBpEsY49YwEXAIATbE0Ek4wkHjxjjWO837svNcr113bq5rQ/CWlB0bZs4Zn7JFdYeKuXGcnBubjJqAo91E0a4WgpxNZ7GJHgalqJIjqto/x9fJZ1cVjvP5u7y6cLlolQSnaBTdIY0dIEKqIIaqI0M9Io+0Cf6knTpSXqWXv6sCWmROUZLkN5/APoQhyw=</latexit>

R � ��1
D

<latexit sha1_base64="81tvh/WcfYLN9rQ41pZsixklwYI=">AAABvHicZY9LT8JAFIVv8YX1hbp0Y2TjRtIiia4MBkgwAay8Da1kOh3IhJm2dga0afo7TFzpz/LfWLQb9KxO7jknuZ/tMyqkpn0pmbX1jc2t7La6s7u3f5A7POoLbx5g0sMe84KhjQRh1CU9SSUjQz8giNuMDOxZZZkPFiQQ1HO7MvSJxdHUpROKkUxOVtsUlJuN6lN0ocfjXF4raD86/W/01OQhlTHOvZuOh+ecuBIzJMRI13xpRSiQFDMSq6rpoykRMmQkItyXYayac0F8hGfJfWS0a51aq3vbvbtvWVEzrHicI9cprbSi5mO9ZqwO5euy3mHUISJJHDJJECKzkWA7yHyJqnGsJjD639f/m36xoF8Wig+lfPk6xcrCCZzBOehwBWWogwE9wPAMb/ABn8qN4igzhf9WM0q6OYYVKYtvI5F5aQ==</latexit>

R � ��1
D

<latexit sha1_base64="81tvh/WcfYLN9rQ41pZsixklwYI=">AAABvHicZY9LT8JAFIVv8YX1hbp0Y2TjRtIiia4MBkgwAay8Da1kOh3IhJm2dga0afo7TFzpz/LfWLQb9KxO7jknuZ/tMyqkpn0pmbX1jc2t7La6s7u3f5A7POoLbx5g0sMe84KhjQRh1CU9SSUjQz8giNuMDOxZZZkPFiQQ1HO7MvSJxdHUpROKkUxOVtsUlJuN6lN0ocfjXF4raD86/W/01OQhlTHOvZuOh+ecuBIzJMRI13xpRSiQFDMSq6rpoykRMmQkItyXYayac0F8hGfJfWS0a51aq3vbvbtvWVEzrHicI9cprbSi5mO9ZqwO5euy3mHUISJJHDJJECKzkWA7yHyJqnGsJjD639f/m36xoF8Wig+lfPk6xcrCCZzBOehwBWWogwE9wPAMb/ABn8qN4igzhf9WM0q6OYYVKYtvI5F5aQ==</latexit>

� aq � ��1
D

<latexit sha1_base64="MZ5vKX8zLZ+9zIgDfdHqBJh2NIw=">AAABxnicZVDLTsJAFL3FF9ZX1bhyQ2TjRtIiiS4xQIIJYFVehmIztAOZMH3YmYrNpInf4c6tfpF/Y8FukLO5J+ecm9xzRz4ljKvqj5RZW9/Y3Mpuyzu7e/sHyuFRl3lhYOGO5VEv6I8Qw5S4uMMJp7jvBxg5I4p7o2ll7vdeccCI57Z55OOhgyYuGRML8UQylRODESeHzJfFNBrVZ3GhxaaSVwvqArlVoqUkDyl0U/kwbM8KHexyiyLGBprq86FAAScWxbEsGz6aYMYjigV2fB7FshEy7CNrmugD/aH2WGu1b9q3d62haEYVz3GQa5eWUqL5VK/py4v8bR5/pMTGLHFsPE4qCKORPMBGxkxU41hOymj/T18l3WJBuywU70v58nVaKwuncAbnoMEVlKEOOnTAAgGf8AXfUl1ypVCa/UUzUrpzDEuQ3n8Bgc58rg==</latexit>



Then we got results; several interesting properties.
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HX
<latexit sha1_base64="wIL4UGduMeppkN6zmHKneFtsO8c=">AAABnHicZY9LT8JAFIXv4AvrC3VpYoxsXJEWSXSJQZIaU6zyNEDIdLiSCdN20hmMTdOdW7f62/w3gnaDfKuTc89JzvWk4Eqb5jfJra1vbG7lt42d3b39g8LhUUeFs4hhm4UijHoeVSh4gG3NtcCejJD6nsCuN60t7t1XjBQPg5aOJQ59Ogn4C2dUz62mPeqNCkWzZP5ytiqsTBQhwx0V3gfjkM18DDQTVKm+ZUo9TGikOROYGsZA0gkqHQtM0Jc6To3BTKGkbDr3++5TvVlvtG5adw+NYeLEtdD3aTCuLKUS59muu8tF/baINwUfo0qN+Wzr/8hV0SmXrMtS+bFSrF5nD+ThBM7hAiy4girY4EIbGEzgAz7hi5ySW3JPnL9ojmSdY1iCdH4AZQRsxA==</latexit>

H̄X
<latexit sha1_base64="TAFvuSopDr+CXzpS+H1IVlEcrMg=">AAABoXicZY9LT8JAFIXv4AvrC3XphtiNK9IiiS4xhAQWYOVZQwmZDlcyYdpOOoOxadj5C9zqH/PfCNoN8q1Ozj0nOdeXgittWd8kt7O7t3+QPzSOjk9OzwrnFwMVLWKGfRaJKHZ9qlDwEPuaa4GujJEGvsChP6+t78NXjBWPwp5OJI4DOgv5C2dUryzX82lcbEzcScG0StYvxW1hZ8KEDGdSePemEVsEGGomqFIj25J6nNJYcyZwaRiepDNUOhGYYiB1sjS8hUJJ2Xzlj5xOvVtv9x56zcf2OG0ltSgIaDitbKTS1nOj7mwW9ds63hV8impprGbb/0dui0G5ZN+Wyk8Vs3qfPZCHK7iGG7DhDqrQAAf6wEDAB3zCFzFJkzik8xfNkaxzCRuQ0Q8xem6n</latexit>

(XX̄)
<latexit sha1_base64="avFgX9H3OJNnPhE0FBjQZ3gWWRY=">AAABt3icZU/JTsJQFL3FCeuEunRDZIMb0iKJusMACSaAVaYSSsjr6wUbXgf7HmrT8BWuTPTD/BuLdoOc1ckZknNMn9lcKMq3lNrY3NreSe/Ke/sHh0eZ45Me9+YBxS71mBfoJuHIbBe7whYMdT9A4pgM++assvT7Lxhw23M7IvRx5JCpa09sSkQsDfK6YZIgq1+MMzmloPwiu07UhOQggTbOfBiWR+cOuoIywvlQVXwxikggbMpwIcuGT6bIRcgwQscX4UI25hx9QmexPtQea+1aq3PbubtvjaJmWPEch7hWaSUVNQf1mrZaFG/LeJvZFvLYsXBiNKqR0YgvW8R4zVYXcvxF/b98nfSKBfWyUHwo5crXyas0nME55EGFKyhDHTToAgUH3uETvqQbaSxNpKe/aEpKOqewAun5BzT7dn4=</latexit>

(qq̄)
<latexit sha1_base64="rv3EeojPK1aH+H5mN+ridC24ooI=">AAABt3icZU/LTsJAFL31ifWFunRDZIMb0iKJusMACSaAKO9QQqbTC06YPugMatPwFa5M9MP8G4t2g5zVyXkk55geZ0Jq2reysbm1vbOb2FP3Dw6PjpMnpx3hzn2Kbepy1++ZRCBnDrYlkxx7no/ENjl2zWlx6Xdf0BfMdVoy8HBok4nDxowSGUn9zMwwiZ+aXY6SaS2r/SK1TvSYpCFGY5T8MCyXzm10JOVEiIGueXIYEl8yynGhqoZHJihkwDFE25PBQjXmAj1Cp5E+aDyVm+V66651/1AfhrWg6No2caz8Siqs9SvlxmpRvi3jTc4sFJFj4diolkKjGl22iPGaKi3U6Iv+f/k66eSy+lU295hPF27iVwk4hwvIgA7XUIAKNKANFGx4h0/4Um6VkTJWnv+iG0rcOYMVKLMfdml2sA==</latexit>

�r�
a

� 3n2 � l2

2
<latexit sha1_base64="Gg3ULExUhYYDFHZzcgiTS5oR59Q=">AAAB5XicZVC7TsNAEDzzDOZloKSxSENDZJtIUIKSSEFKwEDCQ1yILueNdeL8wHcBrJM/gQ5R0PArtPAH/A0G3ASmGu3MaHd2EHMmpGV9ahOTU9Mzs6U5fX5hcWnZWFk9E9EoodClEY+SiwERwFkIXckkh4s4ARIMOJwPbmrf+vkdJIJFYUemMfQC4odsyCiR+ahvVPEwIVRhTkKfg5ng5IdkimQmFiyAW/PXsR1eO1v82smUk/WNslWxfmD+J3ZByqiA2zdesBfRUQChpJwIcWVbsewpkkhG82W6jmPig5ApBwVBLNNMxyMBMaE3+fzKPWmcNg47+52Do8Oeaqe1KAhI6FXHXKp92Wy440H58G0/5cwDkSseDHGrrnAr/49H8L2qZ5mel7H/nv6fnDkVe7viHFfLe7tFrRJaRxtoE9loB+2hJnJRF1H0gt7QO/rQfO1Re9Kef60TWpFZQ2PQXr8As0SKNw==</latexit>

Coulomb potential expectation:aq = (�̄Dmq)�1
<latexit sha1_base64="RHfHl1b1ByHZQdaGQDXLUNNuqpM=">AAAB2XicZVC7TgJBFJ3FF64v1NKGSIOFZBdJtDHBAAkmgChPw+BmdvcCE2Yf7Awq2WxhZyxs7PwOW/0P/8ZFaZBTnZxHcs/VXUa5UJRvKbK0vLK6Fl2XNza3tndiu3tN7ow9AxqGwxyvrRMOjNrQEFQwaLseEEtn0NKHuanfugePU8eui4kLXYv0bdqjBhGhpMWSRBudYwY9kcQ68TBh7oDgh3g+bmkj7NH+QBzd+cdqoMUSSkr5RXyRqDOSQDNUtdg7Nh1jbIEtDEY476iKK7o+8QQ1GASyjF3SBy4mDHywXDEJZDzm4BJjGOqd6k2hVqjUL+qXV5WuX57kHMsitpmZS/nl22KhOl8Uj9N4jVETeOiY0MOlvI9L4U/McJmfDwI5HKP+P32RNNMp9SSVvs4ksmezWVF0gA5REqnoFGVREVVRAxnoFX2gT/QldaQn6Vl6+YtGpFlnH81BevsBUY2EjA==</latexit>

(Bohr rad.)

... deeper/ground states

... highly-excited states

larger O preferred
<latexit sha1_base64="akw5yVfHLDo+XwyULWE4yWBK5ec=">AAAB4HicZVDLTsJAFJ3iC+sLdemGCAtXpEUSXWKABCJgladhCJm2t6Rh+sjMoJKme3fGlcZ/cavf4N9YsBvkrE7OPefk3qv71OZCUX6kxNr6xuZWclve2d3bP0gdHnW5N2UGdAyPeqyvEw7UdqEjbEGh7zMgjk6hp09K83nvARi3PbctZj4MHTJ2bcs2iIikUUrFWq15jS1GHNC9pwAvKgOdEmMSUsLGwNJZmk1HpRYwBmY4SmWUnLJAepWoMcmgGNoo9Y5Nz5g64AqDEs4HquKLYUCYsA0KoSxjn4yBixmFABxfzEIZTzn40QaRPtDuKq1Ks33Vrt00h0FjVvIch7hmYckVNO6rFW05ODe3qG0Cj3QTLFwvB7gevcYk+DEoh6EcnaL+X3yVdPM59TyXvy1kipfxUUl0gk7RGVLRBSqiKtJQBxnoDX2iL/Qt6dKz9CK9/lkTUpw5RkuQPn4Bfu2ISQ==</latexit>

Omax � kin aq
<latexit sha1_base64="1GmxsZXedfgvUO+FQfr9AwQUvmw=">AAAB53icZVBNT8JAEN3iF9Yv1KMXIhw8GNIiiRwxQAIRsCoohiVk2w5kw25bu4tCmv4Gb4aTif/Fq979Nxbkgr7TmzdvJvPG9BgVUtO+ldjK6tr6RnxT3dre2d1L7B/cCXfkW9CyXOb6bZMIYNSBlqSSQdvzgXCTwb05LM7690/gC+o6TTnxoMvJwKF9ahEZSb1EHhvVxiXu+4SD6Y4DPF8ZmIxYwzDN8HPAyTjEgvLkMCqoE+JT0ntMh71ESstocyT/E31BUmgBo5eYYtu1RhwcaTEiREfXPNkNiC+pxSBUVeyRAQg5YRAA9+QkVPFIgBcdEukd46Z8W240L5rVq0Y3qE+KLufEsXNLrqD+UCkby4Mz8y2jNohIt6GPa6UA16IP2SQKVApDNYqi/z38P7nLZvSzTPY6lyrkF6Hi6AgdoxOko3NUQBVkoBay0Bv6QJ/oS6HKi/KqTH+tMWUxc4iWoLz/ACK1i68=</latexit>

similar in T � Ein = 0.06–0.6
<latexit sha1_base64="uPBm3b4Vc9sxP43unJw9x4ReRq4=">AAAB8HicZVDLTgJBEJzF9/pCPXohwsELZBeNejHRCAlEwFWehiFkdrchE2Yf2RlUstn/4GY8mfgvXjX+jQNyQepUXV3d6WrTZ5QLTftRYkvLK6tr6xvq5tb2zm58b7/BvWFgQd3ymBe0TMKBURfqggoGLT8A4pgMmubgZtJvPkHAqefWxMiHjkP6Lu1RiwgpdePX2ChWbnEvIA6Y3kuIpytDkxFrEHHqUEaCBHUTqRqWVSKPn0PqRpdaRjtLpdNa5izqxpOymiKxSPQZSaIZjG58jG3PGjrgCosRztu65otOSAJBLQaRqmKf9IGLEYMQHF+MIhUPOfjyIqm3jYd8NV+pXdeKd5VOWB7deI5DXPt0zhWWHwt5Y35wYq4yagOXug09XMqFuCRfZROZKhdFqoyi/z98kTSyGf0kk70/TV5dzEKto0N0hI6Rjs7RFSogA9WRhd7RJ/pC30qgjJVX5e3PGlNmMwdoDsrHL16ZjPg=</latexit>

Eb = binding energy of HX
<latexit sha1_base64="GRksG+zhL1xHBsVHq7GPLrBA2tw=">AAAB4HicZVBLT8JAGNziC+sL9eilEQ6eSIskejHBAAkmgChPwxKybT+aDdtHuovQNL17M540/hev+hv8NxblgsxpMt9M8s3oHqNcqOq3lFhb39jcSm7LO7t7+wepw6MOdye+AW3DZa7f0wkHRh1oCyoY9DwfiK0z6Orj4vzefQSfU9dpicCDgU0sh46oQUQsDVMaHvnEBt2dhZkyniq6cqVgATMR6tQxqWMp4IBvBYo7UqLKsJeJhqm0mlV/oawSbUHSaIHGMPWGTdeY2OAIgxHO+5rqiUFIfEENBpEsY49YwEXAIATbE0Ek4wkHjxjjWO837svNcr113bq5rQ/CWlB0bZs4Zn7JFdYeKuXGcnBubjJqAo91E0a4WgpxNZ7GJHgalqJIjqto/x9fJZ1cVjvP5u7y6cLlolQSnaBTdIY0dIEKqIIaqI0M9Io+0Cf6knTpSXqWXv6sCWmROUZLkN5/APoQhyw=</latexit>

kinetic energy: initial < final
(exothermic à inverse process = less)

RXX̄ � aq � Λ�1D
<latexit sha1_base64="vn+ghV6LD2eGH7SaoaKeFRnQ9lQ=">AAAB7nicZVBNT8JAEN36ifUL9eiFiAcvkhZJ9CYGSCACVgXFuNhs24Fs2H7YXVSy6d8wXownE/+LVz34byzIBXmXeXnzZjJvrIBRLjTtR5mZnZtfWEwsqcsrq2vryY3NK+73Qxuats/8sGURDox60BRUMGgFIRDXYnBt9QrD/vUDhJz6XkMMAmi7pOvRDrWJiCUzeYyNSv0Ud0LiguU/STxaKS1G7F60e2HKFrZImGpFmFM3Rcz7UcXV4p3c16PdyEymtYw2Qmqa6GOSRmMYZvIFO77dd8ETNiOc3+paINqShILaDCJVxQHpAhcDBhLcQAwiFfc5BPE9sX5rXJQuS/XGSaNyVm/L2qDguy7xnNyES9ZuyiVjcnBovmTUAR7rDnTiCBJX40c5BD/KYhSpcRT9/+HT5Cqb0Q8y2fNcOn80DpVA22gH7SEdHaI8KiMDNZGN3tEn+kLfSqA8K6/K2591RhnPbKEJKB+/dQGNUg==</latexit>

R � ��1
D

<latexit sha1_base64="81tvh/WcfYLN9rQ41pZsixklwYI=">AAABvHicZY9LT8JAFIVv8YX1hbp0Y2TjRtIiia4MBkgwAay8Da1kOh3IhJm2dga0afo7TFzpz/LfWLQb9KxO7jknuZ/tMyqkpn0pmbX1jc2t7La6s7u3f5A7POoLbx5g0sMe84KhjQRh1CU9SSUjQz8giNuMDOxZZZkPFiQQ1HO7MvSJxdHUpROKkUxOVtsUlJuN6lN0ocfjXF4raD86/W/01OQhlTHOvZuOh+ecuBIzJMRI13xpRSiQFDMSq6rpoykRMmQkItyXYayac0F8hGfJfWS0a51aq3vbvbtvWVEzrHicI9cprbSi5mO9ZqwO5euy3mHUISJJHDJJECKzkWA7yHyJqnGsJjD639f/m36xoF8Wig+lfPk6xcrCCZzBOehwBWWogwE9wPAMb/ABn8qN4igzhf9WM0q6OYYVKYtvI5F5aQ==</latexit>

R � ��1
D

<latexit sha1_base64="81tvh/WcfYLN9rQ41pZsixklwYI=">AAABvHicZY9LT8JAFIVv8YX1hbp0Y2TjRtIiia4MBkgwAay8Da1kOh3IhJm2dga0afo7TFzpz/LfWLQb9KxO7jknuZ/tMyqkpn0pmbX1jc2t7La6s7u3f5A7POoLbx5g0sMe84KhjQRh1CU9SSUjQz8giNuMDOxZZZkPFiQQ1HO7MvSJxdHUpROKkUxOVtsUlJuN6lN0ocfjXF4raD86/W/01OQhlTHOvZuOh+ecuBIzJMRI13xpRSiQFDMSq6rpoykRMmQkItyXYayac0F8hGfJfWS0a51aq3vbvbtvWVEzrHicI9cprbSi5mO9ZqwO5euy3mHUISJJHDJJECKzkWA7yHyJqnGsJjD639f/m36xoF8Wig+lfPk6xcrCCZzBOehwBWWogwE9wPAMb/ABn8qN4igzhf9WM0q6OYYVKYtvI5F5aQ==</latexit>

� aq � ��1
D

<latexit sha1_base64="MZ5vKX8zLZ+9zIgDfdHqBJh2NIw=">AAABxnicZVDLTsJAFL3FF9ZX1bhyQ2TjRtIiiS4xQIIJYFVehmIztAOZMH3YmYrNpInf4c6tfpF/Y8FukLO5J+ecm9xzRz4ljKvqj5RZW9/Y3Mpuyzu7e/sHyuFRl3lhYOGO5VEv6I8Qw5S4uMMJp7jvBxg5I4p7o2ll7vdeccCI57Z55OOhgyYuGRML8UQylRODESeHzJfFNBrVZ3GhxaaSVwvqArlVoqUkDyl0U/kwbM8KHexyiyLGBprq86FAAScWxbEsGz6aYMYjigV2fB7FshEy7CNrmugD/aH2WGu1b9q3d62haEYVz3GQa5eWUqL5VK/py4v8bR5/pMTGLHFsPE4qCKORPMBGxkxU41hOymj/T18l3WJBuywU70v58nVaKwuncAbnoMEVlKEOOnTAAgGf8AXfUl1ypVCa/UUzUrpzDEuQ3n8Bgc58rg==</latexit>



Then we got results; cross section is geometric and SSA works well!
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Ein = 0.6Eb = 0.6¯ͣ2
Dmq

<latexit sha1_base64="d3gQhGD1qY0WbG0wH363j84z5gk=">AAAB3nicZVDLTsJAFJ3iC+ur6tJNIxtXtUWibkww0AQTwCpPQ7FO2wEnTB92Bk3TdOvOuDLhX9zqR/g3FukGOatzzz0nueeaPsGUyfIPl1laXlldy67zG5tb2zvC7l6beuPAQi3LI17QNSFFBLuoxTAjqOsHCDomQR1zVJruO88ooNhzmyz0Ud+BQxcPsAVZIhnCsaq/RNiNxQtRlk7FZBLNGddNGOiQ+I8wcZTj+7zoGE+iIeRkSf6DuEiUlORACs0QJrrtWWMHucwikNKeIvusH8GAYYugmOd1Hw4RZSFBEXJ8Fsa8PqbIh9Yo0XvardpQ683L5tV1vR/VwpLnONC1C3OuqHZXUbX54NTcINhGNNFtNNCr5UivJo+xZ31iPqmi/D98kbTzknIi5W8KueJ5WioLDsAhOAIKOANFUAEaaAELfIBP8AW+uQfulXvj3mfWDJdm9sEcuMkvjhOEMQ==</latexit>

σrearr =
1–2

(¯ͣDmq)2
= (1–2)a2q � Λ�2D

<latexit sha1_base64="xBrC7X7m1ewuHeAxbnjQWEBBPyM="></latexit>

"geometric" cross section

σO
2O+ 1

are shown.
<latexit sha1_base64="j51NOMfTUfvcaIsCvM+OVcgcFsI=">AAAB13icZVDJTgJBFOxxxXFDPXohciExITNIokcMkGACiLKHJqTpeWCHniXTjUg6ozfjycSbH+JV/8O/cVAuSJ0q9aqSV9X3OBPSML61ldW19Y3NyJa+vbO7tx89OGwId+xTqFOXu36rTwRw5kBdMsmh5flA7D6HZn+Und2b9+AL5jo1OfWga5OhwwaMEhlKvWgCD3xCFRZsaJMeD1SKn5pBDEt4kOqR+BATd+7ESQa9aNxIGr+ILRNzTuJojkov+o4tl45tcCTlRIiOaXiyq4gvGeUQ6Dr2yBCEnHJQYHtyGuh4LMAjdBTqncptvpov1y5rV9flripNs65tE8dKL7hUqV3IVxaDM3OVMwtEqFswwMWcwsVwEYvgicoFgR5WMf8/vkwaqaR5lkzdpOOZi3mpCDpGJyiBTHSOMqiAKqiOKHpFH+gTfWlt7Ul71l7+rCvaPHOEFqC9/QBX/4Sf</latexit>

= 4π /k2in
<latexit sha1_base64="6c8qC4JdhG/Pwo3kG0gvQsuc4LY=">AAABy3icZVDNTsJAGNziH9a/qkc9ELl4INgiiV5MMNAEE8DKv2GRbNuFbNi2m+6iqbUXE9/BR/Cqb+PbWLQXZE6T+WaSb8ZklHChqt9SamV1bX0jvSlvbe/s7in7B13uzXwLdyyPen7fRBxT4uKOIILiPvMxckyKe+a0PL/3HrHPiee2RcDw0EETl4yJhUQsjZRj2NQrmauwCBmJYO4M5sIpfAqJGz0UopGSVfPqLzLLREtIFiQwRso7tD1r5mBXWBRxPtBUJoYh8gWxKI5kGTI0wVwEFIfYYSKIZDjjmCFrGusDo6m39Eb7un1z2xiG9aDsOQ5y7eKCK6zfV3VjMTg3tyixMY91G49hrRLCWryCjeIylSiS4yra/8eXSbeQ187zhbtitnSZlEqDI3ACToEGLkAJVIEBOsACr+ADfIIvqS5x6Vl6+bOmpCRzCBYgvf0AgDR+ag==</latexit>

… σO �
4π(2O+ 1)

kin
<latexit sha1_base64="yIiov11x68ORLUGCnyjUHbGPGHg=">AAAB3nicZVDLTgJBEJz1iesL9ejFyAVjgrtIokcMkGACiPI0DMFhtiETZh/uDJrNZjl6M55M+Bev+hH+jYvuBalLV6qr013ddzgTUtO+laXlldW19diGurm1vbMb39tvCnvsUmhQm9tuu08EcGZBQzLJoe24QMw+h1Z/lJv1W0/gCmZbdek50DXJ0GIDRokMpV78DBu2FJMJFmxokh4PqwmPeOAS6meww5JpfqqfBP4IP/vMCoJePKGltF8cLRI9IgkUodqLT8MNdGyCJSknQnR0zZFdn7iSUQ6BqmKHDEFIj4MPpiO9QMVjAQ6ho1DvVO8KtUKlflW/vql0/bKXs02TWEZmzuWX74uF6vzgzFzjzAAR6gYMcCnv41L4GIOEUfJBoIZR9P+HL5JmOqWfp9K3mUT2MgoVQ4foGCWRji5QFhVRFTUQRe/oA32iL+VBeVFelbc/65ISzRygOSjTH5reh80=</latexit>

close to the unitarity bound.

� =
�

J

�J , �J(2� 2) � (2J + 1)�
p2
i

<latexit sha1_base64="MQXHwPaTyKQg2/Ym7VD+XSN7o0Y=">AAAB43icZU9LT8JAGNz6xPpCPXoxcsFoSFtJ9GKCISRIAqLyMi42y/JBNmzbtbtVSdObN2/Gq3/BX+PFg/4WeXlA5zQz30wyX0twJpVhfGozs3PzC4uxJX15ZXVtPb6xWZNe4FOoUo97fqNFJHDmQlUxxaEhfCBOi0O91csO7/V78CXz3IrqC2g6pOuyDqNEDSw7nseSdR1ygmXg2IWxsAsH+C4g7V+VtLDyrD3MAXd8QsOkVdg397BgUSjwQ8iiWyvS7XjCSBkj7Pwn5oQk0ARlO/6E2x4NHHAV5UTKG9MQqhkSXzHKIdJ1LEgXpOpzCMERqh/pOJAgCO0N/JvyZe4qV6qcVs7OS82w2M96jkPcdnoqFRav87nydFE9DuNXnLVBjmabf0f+JzUrZR6mrIt0InM8eSCGttEuSiITHaEMyqMyqiKK3tEH+kLfGmjP2ov2Oo7OaJPOFpqC9vYDzMyIsA==</latexit>

� =
lmax�

l=0
�l �

4�
k2
in

�

l

(2l + 1) � 4�
k2
in

(lmax)2 � 4�a2
q

<latexit sha1_base64="1yJtzNt9P51pWZfwEIdL4cSlQSg="></latexit>

Note: for T� 0, Omax � 0 and only s-wave interaction is available; σ � aq/kin.
<latexit sha1_base64="u5g5DE3g7N928gPT7tSJRlWf//g="></latexit>

for T � O(0.01� 0.1)ΛD
<latexit sha1_base64="OnNAUrj671Td/zm/xb00cfjbrXU=">AAAB1nicZVDLSsNAFJ34rPEVdSlIsV1U0JJUQZeVtlChL+1TmlImk9sydPIgM1FCiCvFrb/g1q3+jH9jqt3UntW555574FzDZZQLVf2WlpZXVtfWExvy5tb2zq6yt9/hju8RaBOHOV7PwBwYtaEtqGDQcz3AlsGga0wK0333ATxOHbslAhcGFh7bdEQJFrE0VI5GjpdMt3ROLb3umeBl1KyqnalZ7USvFNNDJRXPv0guEm1GUmiGxlB5102H+BbYgjDMeV9TXTEIsScoYRDJsu7iMXARMAjBckUQybrPwcVkEuv9xl2pWaq1rls39dogrAYFx7KwbV7MucLqfbnUOB35jE3D5hOmV01GTeCxbsIobhHqlfghJtYfw2IUyXEn7X+DRdLJZbXzbO42l8pfzdol0CE6RhmkoUuUR2XUQG1E0DP6QJ/oS+pJT9KL9PpnXZJmNwdoDtLbDyj7gR0=</latexit>



Agenda

1. Introduction

2. Dark QCD models and Our toy model

3. Annihilation cross section:
Ø "Rearrangement" is the dominant process.

4. Conclusion

σannihil. � Λ�2D
?
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YeqX
<latexit sha1_base64="fAblE2uMqv2h3fCCO+VoKladiFw="></latexit>

T � mX/30 ΛD ΛD/30
<latexit sha1_base64="7Qls03s9XvnZ0xRs0QbNkl4WQlI="></latexit>

YX (� YHX)
<latexit sha1_base64="QaoBa6d1yp9e/dfagNNkFU82hT4=">AAAB1nicZY/LTsJAFIaneMN6w8vODZENbkiLJLrEAAkmgFVuJZQ0Q3sgE6YXO4MGJ2Vn3PoIbtUn8m0s2g3yb86f79zyD31KGFeUbymxtr6xuZXclnd29/YPUodHHeZNAwvalke9QB9iBpS40OaEU9D9ALAzpNAdTkqLfvcRAkY8t8VnPgwcPHbJiFiYR8hMnfRMfZ41GHHgId0zRdXUw3MzlVFyyq/Sq0aNTQbF0szUl2F71tQBl1sUM9ZXFZ8PBA44sSiEsmz4eAyMzygIcHw+C2VjysDH1iTife2+0qw0Wtetm9vGQNRnJc9xsGsXlqZEvVetaBGyYWRo0BHG1BVRDWNUKwujFgW3sfEkyuHyh8XVJiU2sFCO0qn/s6yaTj6nXuTyd4VM8SrOmUSn6AxlkYouURFVkYbayELP6B19oE9Jl+bSi/T6N5qQ4p1jtCTp7QecyYMi</latexit>

Conclusion
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HX + H̄X �� (XX̄)+ (qq̄)
<latexit sha1_base64="4l6p7gWQFBR9Zb7JkREKJ3OLjjs=">AAAB8XicZZDLTsJAFIan3q031KUbIhsICbZooksNkGCCWOVWwxAybY84cXpxZpCQpo/hwp1x6yO41YfwbSzYDfJvzpf/XCb/WAGjQmraj7KwuLS8srq2rm5sbm3vpHb32sIfchtats98blpEAKMetCSVDMyAA3EtBh3rsTTpd56BC+p7TTkOoOeSgUfvqU1kbPVTR9W+mccW4ekYMPO9AaeDB0k490fprDntmLl89mlKT7l+KqMVtKnS86AnkEGJjH7qAzu+PXTBkzYjQnR1LZC9kHBJbQaRquKADEDIMYMQ3ECOIxUPBQTEfoz9rnFbaVTqzYvm5XW9F16NS77rEs85mZkKr+6qFSO2HLjHBrRDPPTCuEaJVSuHuBb/iUPwKCxHsy9MrjYYdUBEapxO/59lHtrFgn5cKN6cZM7Pkpxr6AAdoizS0Sk6R1VkoBay0Qv6RF/oWxHKq/KmvP+NLijJzj6akfLxC+FWjRc=</latexit>

Rearrangement

σrearr � (aq)2 � Λ�2D
<latexit sha1_base64="IJQvoJq/A+1wIj+/Wbhi40uBd1U=">AAAB4nicZZDLTsJAFIanXrHeUJduiGzQKGkriS4xQIIJIMrVUGim7YFMmF7oTDWk6Qu40rh140u41dfwbWyVDfKv/vPP+U/yje5SwrgkfQtLyyura+uJDXFza3tnN7m332aO7xnQMhzqeF0dM6DEhhYnnELX9QBbOoWOPi7E750H8Bhx7CafutC38MgmQ2JgHkVa8kRlZGRh9TGIWp4XRqMFk1QGa5PjgRJPKbVSHARnSqgl01JW+lVq0cgzk0Yz1bXku2o6hm+BzQ2KGevJksv7AfY4MSiEoqi6eASMTykEYLl8Goqqz8DFxjjKe/W7UqNUa141r29q/aA6LTiWhW0zN7cVVO/Lpfrp0Kc0PjZ/IW41KDGBRbkJw4gkUCvR55gxcDEMxYhJ/k+waNpKVj7PKre5dP5yRpdAh+gIZZCMLlAelVEdtZCBntEH+kRfgik8CS/C69/qkjDrHKA5CW8/gxiIRg==</latexit>

Radiative process

e.g., X+ X̄ �� (XX̄)+ φ
<latexit sha1_base64="PlHgBW39X/PmWKSbtDRvtjdWpII=">AAAB6HicZZBLT8JAFIWnPrG+UJduiCRGY0JaJNElBkgwAawKWOMQMm0vMDJ9ZGaQkKb/wIU749atO7f6R/w3Fu0GPZs5+ebMvTljBYwKqWlfytz8wuLScmpFXV1b39hMb223hT/iNrRsn/nctIgARj1oSSoZmAEH4loMbqxhaXp/8wBcUN9rykkAHZf0PdqjNpEx6qb3zSNsEZ4xMfO9Pqf9gSSc++PMgfnLD49wMKDddFbLaT/K/Dd6YrIokdFNv2HHt0cueNJmRIg7XQtkJyRcUptBpKo4IH0QcsIgBDeQk0jFIwEBsYcxvzOuKteVRvOseX7R6IT1Scl3XeI5hZlUWL+tVowYOdDDBrRDPPLC+IwSVCuHuBZ/hUPwOCxHsxumU68ZdUBEatxO/9vlv2nnc/pxLn9ZyBZPk54ptIv20AHS0QkqoioyUAvZ6BG9ow/0qdwrT8qz8vIbnVOSNztoRsrrN46Piig=</latexit>
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<latexit sha1_base64="uYZ7sXEvcwoZfaMvbxsW8Kd/4iA=">AAABx3icZVDLTsJAFJ36xPqqumRjZOMKWyDRJQZIIAGs8jQMNsN0IBNm2toZ0Kbpgo/wG9zq5/g3Fu0GOIubk3PPTc65I49RIXX9R9na3tnd208dqIdHxyen2tl5V7gzH5MOdpnr90dIEEYd0pFUMtL3fIL4iJHeaFpa7ntz4gvqOm0ZeGTI0cShY4qRjCVLS0NBJxzFkxs3ULz6MuRW/yUP6+XI0jJ6Vv/D5SYxEpIBCUxL+4C2i2ecOBIzJMTA0D05DJEvKWYkUlXooQkRMmAkJNyTQaTCmSAewtNYH5hPlVal2b5v1x6aw7ARlFzOkWMXVlxh47laMdekoMWoTUSs2mQcRw9hPX6BjeBbWI6WPYz11Jukm8sa+WzusZAp3iWNUiANrsA1MMAtKIIqMEEHYLAAn+ALfCs1xVXmyvu/dUtJbi7ACpTFL0F4ffQ=</latexit>

à Second stage annihilation!

(after Xs freeze-out)
T� ΛD

<latexit sha1_base64="Jr9PnjVOc32GkyhAdYtYM5ZKDBA=">AAAB0XicZY9LT8JAFIWn+ML6Krp0Q2TjirRooksMkGACWKU8DEPIML00DdNHOlNJ0zQxbv0NbjX+JP+NVbsQOJt78t1zFmfqM5sLVf2SchubW9s7+V15b//g8EgpHPe5FwYUetRjXjCcEg7MdqEnbMFg6AdAnCmDwXRe+/kPniDgtucaIvJh7BDLtWc2JSJFE6VgYMsq4lbaMAlexPVkopTUsvqr4rrRMlNCmfSJ8olNj4YOuIIywvlIU30xjkkgbMogkWXsEwu4iBjE4PgiSmQccvAJnad8pD80uo2OcWPc3nXGcTuqeY5DXPNyKRW3H5sNPUUmzLAO/RiHbpzeJEOtevx/w0o36jLbBJ7I6TZtdcm66VfK2kW5cn9Zql5nK/PoFJ2hc6ShK1RFTaSjHqJogd7QO/qQulIkPUsvf9GclHVO0JKk12+oOIFh</latexit>

HX + H̄X �� (XX̄)+ (qq̄)
<latexit sha1_base64="4l6p7gWQFBR9Zb7JkREKJ3OLjjs=">AAAB8XicZZDLTsJAFIan3q031KUbIhsICbZooksNkGCCWOVWwxAybY84cXpxZpCQpo/hwp1x6yO41YfwbSzYDfJvzpf/XCb/WAGjQmraj7KwuLS8srq2rm5sbm3vpHb32sIfchtats98blpEAKMetCSVDMyAA3EtBh3rsTTpd56BC+p7TTkOoOeSgUfvqU1kbPVTR9W+mccW4ekYMPO9AaeDB0k490fprDntmLl89mlKT7l+KqMVtKnS86AnkEGJjH7qAzu+PXTBkzYjQnR1LZC9kHBJbQaRquKADEDIMYMQ3ECOIxUPBQTEfoz9rnFbaVTqzYvm5XW9F16NS77rEs85mZkKr+6qFSO2HLjHBrRDPPTCuEaJVSuHuBb/iUPwKCxHsy9MrjYYdUBEapxO/59lHtrFgn5cKN6cZM7Pkpxr6AAdoizS0Sk6R1VkoBay0Qv6RF/oWxHKq/KmvP+NLijJzj6akfLxC+FWjRc=</latexit>
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<latexit sha1_base64="HVlxAx8LU2yf5ontwFuzHLnO8MA="></latexit>
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Extra 1: radiative process?
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Processes for Second-stage annihilation

1) Rearrangement

2) Radiative processes such as

Our work suggests:

HX = (Xq̄)-meson
<latexit sha1_base64="Td9q6x8bKE/3lZPQZKPAe++srz8=">AAAB13icZY/LTsJAFIanXrHeUOPKDREWuJC0aKIbEwyQYAJY5VZCCZm2B9IwvdiZappJ48649RHcyhP5NhbtBvk35893bvl1j1iUSdK3sLK6tr6xmdoSt3d29/bTB4dd6ga+AR3DJa6v6pgCsRzoMIsRUD0fsK0T6OnT8rzfewafWq7TZqEHQxtPHGtsGZjFaJQ+ztVG6k1e1XTsZ57Ocuc20DnPSgXpV5llIycmixIpo/RMM10jsMFhBsGUDmTJY0OOfWYZBCJR1Dw8AcpCAhxsj4WRqAUUPGxMYz5QHqutarN92767bw55Iyy7to0d83Jhijf6taoSIxPGmgJdrgUOj2uUoHqFa/U4uYm1F16JFj/Mr7aIZQKNxDid/D/LsukWC/JFofhQzJauk5wpdIJOUR7J6AqVUA0pqIMMxNEn+kIzoS+8Cm/C+9/oipDsHKEFCR8/+6aCnw==</latexit>

X+ X̄ �� (XX̄)+ φ
<latexit sha1_base64="PlHgBW39X/PmWKSbtDRvtjdWpII=">AAAB6HicZZBLT8JAFIWnPrG+UJduiCRGY0JaJNElBkgwAawKWOMQMm0vMDJ9ZGaQkKb/wIU749atO7f6R/w3Fu0GPZs5+ebMvTljBYwKqWlfytz8wuLScmpFXV1b39hMb223hT/iNrRsn/nctIgARj1oSSoZmAEH4loMbqxhaXp/8wBcUN9rykkAHZf0PdqjNpEx6qb3zSNsEZ4xMfO9Pqf9gSSc++PMgfnLD49wMKDddFbLaT/K/Dd6YrIokdFNv2HHt0cueNJmRIg7XQtkJyRcUptBpKo4IH0QcsIgBDeQk0jFIwEBsYcxvzOuKteVRvOseX7R6IT1Scl3XeI5hZlUWL+tVowYOdDDBrRDPPLC+IwSVCuHuBZ/hUPwOCxHsxumU68ZdUBEatxO/9vlv2nnc/pxLn9ZyBZPk54ptIv20AHS0QkqoioyUAvZ6BG9ow/0qdwrT8qz8vIbnVOSNztoRsrrN46Piig=</latexit>

with "q"s as spectators

HX + H̄X �� (XX̄)+ (qq̄)
<latexit sha1_base64="4l6p7gWQFBR9Zb7JkREKJ3OLjjs=">AAAB8XicZZDLTsJAFIan3q031KUbIhsICbZooksNkGCCWOVWwxAybY84cXpxZpCQpo/hwp1x6yO41YfwbSzYDfJvzpf/XCb/WAGjQmraj7KwuLS8srq2rm5sbm3vpHb32sIfchtats98blpEAKMetCSVDMyAA3EtBh3rsTTpd56BC+p7TTkOoOeSgUfvqU1kbPVTR9W+mccW4ekYMPO9AaeDB0k490fprDntmLl89mlKT7l+KqMVtKnS86AnkEGJjH7qAzu+PXTBkzYjQnR1LZC9kHBJbQaRquKADEDIMYMQ3ECOIxUPBQTEfoz9rnFbaVTqzYvm5XW9F16NS77rEs85mZkKr+6qFSO2HLjHBrRDPPTCuEaJVSuHuBb/iUPwKCxHsy9MrjYYdUBEapxO/59lHtrFgn5cKN6cZM7Pkpxr6AAdoizS0Sk6R1VkoBay0Qv6RF/oWxHKq/KmvP+NLijJzj6akfLxC+FWjRc=</latexit>

some light particles (model dependent)

X
<latexit sha1_base64="GrjU1aHMs5y3vtNb1Qhm7YPhITo=">AAABwXicZY/LTsJAFIZP8Yb1hrp0Y2TjirRooksMkGACWORqKCHT9kAmTNtJZ9A0kz6BW30Kn8i3sWg3yL85f75zy+9wRoU0jG8tt7W9s7uX39cPDo+OTwqnZwMRLiMX+27IwmjkEIGMBtiXVDIc8QiJ7zAcOovqqj98xUjQMOjJmOPEJ/OAzqhLZIo6o2mhaJSMX11uGjMzRchkTQtfthe6Sx8D6TIixNg0uJwoEknqMkx03eZkjkLGDBX6XMaJbi8FcuIuUj62nuvderv30Ht8ak9UK66Gvk8C73ZtSrVeGnUrRR7ObAsHyl4GKq1Jhpo1ZTfTjB6x31QtWf+wutpl1EOR6Gk683+WTTMol8ybUrlzW6zcZznzcAFXcA0m3EEFGmBBH1xAeIcP+NSqGtW4Fv2N5rRs5xzWpKkf3O17Yg==</latexit>

q
<latexit sha1_base64="yJGy9UlxRRCNwZgFGvFX5NKfW7I=">AAABlnicZY5LT8JAFIXv4AvrC3Vj4sbIxhVpkURXBkMacQEWeRogZDpcyIRpO3amJk1D4t6t/jj/jajdAN/q5Nxzk8+Vgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VRCHDNgtEEPZcqlBwH9uaa4E9GSL1XIFdd1b5vXffMFQ88Fs6ljj06NTnE86oXlSN11EubxbMPy7Wg5WGPKQ4o9z7YBywyENfM0GV6lum1MOEhpozgXPDGEg6RaVjgQl6UsdzYxAplJTNFn3febabdr1133p8qg+TWlwJPI/649LSKqm9VG1npYqbgo9RzY2FsrUquB46xYJ1XSg2SvnybSqfhXO4hCuw4AbKUAUH2sAA4QM+4YuckTtik4f/aYakP6ewBHF+ACgBamY=</latexit>

q̄
<latexit sha1_base64="G5M90YMyPAiUync/hoXca4E8lS4=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ5XMjJtx85g0jQkPoJbfTPfRtRugG91cu65yedJwZU2zW+SWVvf2NzKbhs7u3v7B7nDo44KpxFDh4UijHoeVSh4gI7mWmBPRkh9T2DXm1R/7903jBQPg7aOJQ58Og74M2dUz6uO69Eo/zrMFcyi+Ud+NVhpKECKPcy9u6OQTX0MNBNUqb5lSj1IaKQ5EzgzDFfSMSodC0zQlzqeGe5UoaRsMu/79mOtVWu2r9s3981B0oiroe/TYFReWCWNp3rNXqriluAjVDNjrmwtC66GTqloXRRLD+VC5SqVz8IJnME5WHAJFaiDDQ4weIEP+IQvckqq5Jbc/U8zJP05hgWI8wPqGmxJ</latexit>

X̄<latexit sha1_base64="4KBIFy/yHoFtHArdoSBVuUM+y+k=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ4XMjJtJ53BpGlIfAS3+ma+jajdAN/q5Nxzk8+Tgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VziKGDgtFGPU8qlDwAB3NtcCejJD6nsCuN63+3rtvGCkeBm0dSxz4dBLwMWdUL6qO69Eo3xvmCmbR/CO/Hqw0FCDFHube3VHIZj4GmgmqVN8ypR4kNNKcCZwbhivpBJWOBSboSx3PDXemUFI2XfR9+7nWqjXbt+27x+YgacTV0PdpMCovrZLGS71mr1RxS/ARqrmxULZWBddDp1S0roqlp3KhcpPKZ+EMLuASLLiGCtTBBgcYvMIHfMIXOSdVck8e/qcZkv6cwhLE+QHMOGww</latexit>
q

<latexit sha1_base64="yJGy9UlxRRCNwZgFGvFX5NKfW7I=">AAABlnicZY5LT8JAFIXv4AvrC3Vj4sbIxhVpkURXBkMacQEWeRogZDpcyIRpO3amJk1D4t6t/jj/jajdAN/q5Nxzk8+Vgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VRCHDNgtEEPZcqlBwH9uaa4E9GSL1XIFdd1b5vXffMFQ88Fs6ljj06NTnE86oXlSN11EubxbMPy7Wg5WGPKQ4o9z7YBywyENfM0GV6lum1MOEhpozgXPDGEg6RaVjgQl6UsdzYxAplJTNFn3febabdr1133p8qg+TWlwJPI/649LSKqm9VG1npYqbgo9RzY2FsrUquB46xYJ1XSg2SvnybSqfhXO4hCuw4AbKUAUH2sAA4QM+4YuckTtik4f/aYakP6ewBHF+ACgBamY=</latexit>

q̄
<latexit sha1_base64="G5M90YMyPAiUync/hoXca4E8lS4=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ5XMjJtx85g0jQkPoJbfTPfRtRugG91cu65yedJwZU2zW+SWVvf2NzKbhs7u3v7B7nDo44KpxFDh4UijHoeVSh4gI7mWmBPRkh9T2DXm1R/7903jBQPg7aOJQ58Og74M2dUz6uO69Eo/zrMFcyi+Ud+NVhpKECKPcy9u6OQTX0MNBNUqb5lSj1IaKQ5EzgzDFfSMSodC0zQlzqeGe5UoaRsMu/79mOtVWu2r9s3981B0oiroe/TYFReWCWNp3rNXqriluAjVDNjrmwtC66GTqloXRRLD+VC5SqVz8IJnME5WHAJFaiDDQ4weIEP+IQvckqq5Jbc/U8zJP05hgWI8wPqGmxJ</latexit>

X
<latexit sha1_base64="GrjU1aHMs5y3vtNb1Qhm7YPhITo=">AAABwXicZY/LTsJAFIZP8Yb1hrp0Y2TjirRooksMkGACWORqKCHT9kAmTNtJZ9A0kz6BW30Kn8i3sWg3yL85f75zy+9wRoU0jG8tt7W9s7uX39cPDo+OTwqnZwMRLiMX+27IwmjkEIGMBtiXVDIc8QiJ7zAcOovqqj98xUjQMOjJmOPEJ/OAzqhLZIo6o2mhaJSMX11uGjMzRchkTQtfthe6Sx8D6TIixNg0uJwoEknqMkx03eZkjkLGDBX6XMaJbi8FcuIuUj62nuvderv30Ht8ak9UK66Gvk8C73ZtSrVeGnUrRR7ObAsHyl4GKq1Jhpo1ZTfTjB6x31QtWf+wutpl1EOR6Gk683+WTTMol8ybUrlzW6zcZznzcAFXcA0m3EEFGmBBH1xAeIcP+NSqGtW4Fv2N5rRs5xzWpKkf3O17Yg==</latexit>

X̄<latexit sha1_base64="4KBIFy/yHoFtHArdoSBVuUM+y+k=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ4XMjJtJ53BpGlIfAS3+ma+jajdAN/q5Nxzk8+Tgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VziKGDgtFGPU8qlDwAB3NtcCejJD6nsCuN63+3rtvGCkeBm0dSxz4dBLwMWdUL6qO69Eo3xvmCmbR/CO/Hqw0FCDFHube3VHIZj4GmgmqVN8ypR4kNNKcCZwbhivpBJWOBSboSx3PDXemUFI2XfR9+7nWqjXbt+27x+YgacTV0PdpMCovrZLGS71mr1RxS/ARqrmxULZWBddDp1S0roqlp3KhcpPKZ+EMLuASLLiGCtTBBgcYvMIHfMIXOSdVck8e/qcZkv6cwhLE+QHMOGww</latexit>

X
<latexit sha1_base64="GrjU1aHMs5y3vtNb1Qhm7YPhITo=">AAABwXicZY/LTsJAFIZP8Yb1hrp0Y2TjirRooksMkGACWORqKCHT9kAmTNtJZ9A0kz6BW30Kn8i3sWg3yL85f75zy+9wRoU0jG8tt7W9s7uX39cPDo+OTwqnZwMRLiMX+27IwmjkEIGMBtiXVDIc8QiJ7zAcOovqqj98xUjQMOjJmOPEJ/OAzqhLZIo6o2mhaJSMX11uGjMzRchkTQtfthe6Sx8D6TIixNg0uJwoEknqMkx03eZkjkLGDBX6XMaJbi8FcuIuUj62nuvderv30Ht8ak9UK66Gvk8C73ZtSrVeGnUrRR7ObAsHyl4GKq1Jhpo1ZTfTjB6x31QtWf+wutpl1EOR6Gk683+WTTMol8ybUrlzW6zcZznzcAFXcA0m3EEFGmBBH1xAeIcP+NSqGtW4Fv2N5rRs5xzWpKkf3O17Yg==</latexit>

q
<latexit sha1_base64="yJGy9UlxRRCNwZgFGvFX5NKfW7I=">AAABlnicZY5LT8JAFIXv4AvrC3Vj4sbIxhVpkURXBkMacQEWeRogZDpcyIRpO3amJk1D4t6t/jj/jajdAN/q5Nxzk8+Vgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VRCHDNgtEEPZcqlBwH9uaa4E9GSL1XIFdd1b5vXffMFQ88Fs6ljj06NTnE86oXlSN11EubxbMPy7Wg5WGPKQ4o9z7YBywyENfM0GV6lum1MOEhpozgXPDGEg6RaVjgQl6UsdzYxAplJTNFn3febabdr1133p8qg+TWlwJPI/649LSKqm9VG1npYqbgo9RzY2FsrUquB46xYJ1XSg2SvnybSqfhXO4hCuw4AbKUAUH2sAA4QM+4YuckTtik4f/aYakP6ewBHF+ACgBamY=</latexit>

q̄
<latexit sha1_base64="G5M90YMyPAiUync/hoXca4E8lS4=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ5XMjJtx85g0jQkPoJbfTPfRtRugG91cu65yedJwZU2zW+SWVvf2NzKbhs7u3v7B7nDo44KpxFDh4UijHoeVSh4gI7mWmBPRkh9T2DXm1R/7903jBQPg7aOJQ58Og74M2dUz6uO69Eo/zrMFcyi+Ud+NVhpKECKPcy9u6OQTX0MNBNUqb5lSj1IaKQ5EzgzDFfSMSodC0zQlzqeGe5UoaRsMu/79mOtVWu2r9s3981B0oiroe/TYFReWCWNp3rNXqriluAjVDNjrmwtC66GTqloXRRLD+VC5SqVz8IJnME5WHAJFaiDDQ4weIEP+IQvckqq5Jbc/U8zJP05hgWI8wPqGmxJ</latexit>

X̄<latexit sha1_base64="4KBIFy/yHoFtHArdoSBVuUM+y+k=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ4XMjJtJ53BpGlIfAS3+ma+jajdAN/q5Nxzk8+Tgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VziKGDgtFGPU8qlDwAB3NtcCejJD6nsCuN63+3rtvGCkeBm0dSxz4dBLwMWdUL6qO69Eo3xvmCmbR/CO/Hqw0FCDFHube3VHIZj4GmgmqVN8ypR4kNNKcCZwbhivpBJWOBSboSx3PDXemUFI2XfR9+7nWqjXbt+27x+YgacTV0PdpMCovrZLGS71mr1RxS/ARqrmxULZWBddDp1S0roqlp3KhcpPKZ+EMLuASLLiGCtTBBgcYvMIHfMIXOSdVck8e/qcZkv6cwhLE+QHMOGww</latexit>
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<latexit sha1_base64="owPpbbNvSs8nRPIOepcEAJpvkCg=">AAAB/XicZVDLTsJAFJ36xPpCXboxkhhX2AKJLjVAggkgyNM4SIb2QibOtLUzYJqm8Sv8BHfGLd/iwq3+hoNionhWJ+eek3vP7XmMCmkYr9rc/MLi0nJsRV9dW9/YjG9tN4U79C1oWC5z/XaPCGDUgYakkkHb84HwHoNW7zY7mbdG4AvqOnUZeNDhZODQPrWIVFI3Xj3Agg44wfehivk+cQbAwZGRkrl5hIu5mzAVYaz/8hGbqvQIfjzizpch77Zv0soedeMJI2l8Ye8/MackgaaodOOP2Hat4WSrxYgQ16bhyU5IfEktBpGuY48MQMiAQQjck0Gk46EAj1i3Sr+uXOZr+XL9rH5+Ue6EpSDrck4cO/PHFZauCvnKjBTUGLVBKNWGvjo9xEX1OHvSMRdNepizV/8nzVTSTCdT1Uzi9GTaKIZ20T46RCY6RqeogCqogSw0Rm/oHX1oD9qT9qy9fFvntGlmB/2BNv4E2XyUvg==</latexit>
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What to calculate.

We consider scalar X with a U(1) gauge interaction:

Then, for example,

which is seen as
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X
<latexit sha1_base64="GrjU1aHMs5y3vtNb1Qhm7YPhITo=">AAABwXicZY/LTsJAFIZP8Yb1hrp0Y2TjirRooksMkGACWORqKCHT9kAmTNtJZ9A0kz6BW30Kn8i3sWg3yL85f75zy+9wRoU0jG8tt7W9s7uX39cPDo+OTwqnZwMRLiMX+27IwmjkEIGMBtiXVDIc8QiJ7zAcOovqqj98xUjQMOjJmOPEJ/OAzqhLZIo6o2mhaJSMX11uGjMzRchkTQtfthe6Sx8D6TIixNg0uJwoEknqMkx03eZkjkLGDBX6XMaJbi8FcuIuUj62nuvderv30Ht8ak9UK66Gvk8C73ZtSrVeGnUrRR7ObAsHyl4GKq1Jhpo1ZTfTjB6x31QtWf+wutpl1EOR6Gk683+WTTMol8ybUrlzW6zcZznzcAFXcA0m3EEFGmBBH1xAeIcP+NSqGtW4Fv2N5rRs5xzWpKkf3O17Yg==</latexit>

q
<latexit sha1_base64="yJGy9UlxRRCNwZgFGvFX5NKfW7I=">AAABlnicZY5LT8JAFIXv4AvrC3Vj4sbIxhVpkURXBkMacQEWeRogZDpcyIRpO3amJk1D4t6t/jj/jajdAN/q5Nxzk8+Vgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VRCHDNgtEEPZcqlBwH9uaa4E9GSL1XIFdd1b5vXffMFQ88Fs6ljj06NTnE86oXlSN11EubxbMPy7Wg5WGPKQ4o9z7YBywyENfM0GV6lum1MOEhpozgXPDGEg6RaVjgQl6UsdzYxAplJTNFn3febabdr1133p8qg+TWlwJPI/649LSKqm9VG1npYqbgo9RzY2FsrUquB46xYJ1XSg2SvnybSqfhXO4hCuw4AbKUAUH2sAA4QM+4YuckTtik4f/aYakP6ewBHF+ACgBamY=</latexit>

q̄
<latexit sha1_base64="G5M90YMyPAiUync/hoXca4E8lS4=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ5XMjJtx85g0jQkPoJbfTPfRtRugG91cu65yedJwZU2zW+SWVvf2NzKbhs7u3v7B7nDo44KpxFDh4UijHoeVSh4gI7mWmBPRkh9T2DXm1R/7903jBQPg7aOJQ58Og74M2dUz6uO69Eo/zrMFcyi+Ud+NVhpKECKPcy9u6OQTX0MNBNUqb5lSj1IaKQ5EzgzDFfSMSodC0zQlzqeGe5UoaRsMu/79mOtVWu2r9s3981B0oiroe/TYFReWCWNp3rNXqriluAjVDNjrmwtC66GTqloXRRLD+VC5SqVz8IJnME5WHAJFaiDDQ4weIEP+IQvckqq5Jbc/U8zJP05hgWI8wPqGmxJ</latexit>

X̄<latexit sha1_base64="4KBIFy/yHoFtHArdoSBVuUM+y+k=">AAABm3icZY7NTsJAFIXv4B/WP9SlMSGycUVaJNElhpCgEaxCAUMJmQ4XMjJtJ53BpGlIfAS3+ma+jajdAN/q5Nxzk8+Tgittmt8ks7G5tb2T3TX29g8Oj3LHJx0VziKGDgtFGPU8qlDwAB3NtcCejJD6nsCuN63+3rtvGCkeBm0dSxz4dBLwMWdUL6qO69Eo3xvmCmbR/CO/Hqw0FCDFHube3VHIZj4GmgmqVN8ypR4kNNKcCZwbhivpBJWOBSboSx3PDXemUFI2XfR9+7nWqjXbt+27x+YgacTV0PdpMCovrZLGS71mr1RxS/ARqrmxULZWBddDp1S0roqlp3KhcpPKZ+EMLuASLLiGCtTBBgcYvMIHfMIXOSdVck8e/qcZkv6cwhLE+QHMOGww</latexit>

X + X̄ �� (XX̄) + �
<latexit sha1_base64="Bwm7KorsdDHgxuzv7lVBjV/2V7E=">AAAB2XicZVC7TgJBFJ31ifhCLW2INBASsoskWmKABBNAlNcahpDZ2WGZMPvIzACSDYWdsbGw8kNs9Tv8GxfZBjnVyXkk91zDY1RIVf1RNja3tnd2I3vR/YPDo+PYyWlbuGOOSQu7zOW6gQRh1CEtSSUjuscJsg1GOsaosPA7E8IFdZ2mnHmkZyPLoQOKkQykfiylp6GBeFyHzHUsTq2hRJy703hSX+qpNJwg7g1pP5ZQM+of4utEC0kChKj3Yx/QdPHYJo7EDAnR1VRP9nzEJcWMzKNR6CGLCDljxCe2J2fzKBwL4iE8CvRu/aHUKNWaN83bu1rPr84Krm0jx8ytpPzqY7lUXy3Kp0W8wahJROCYZAArRR9WgqeYCE794nwebNH+X75O2tmMdpnJ3ucS+etwVQScgwuQBBq4AnlQBnXQAhi8gU/wBb6VrvKsvCivy+iGEnbOwAqU919j1oTP</latexit>

φ: some light particles (model dependent)

scattering state          bound state
under

the Cornell potential

We introduce a cut-off at rc.



n Cornell potential rescaling

n Schrödinger equation (for both scattering and bound states)

What to calculate.
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φ: some light particles (model dependent)

�
� �2

�x2 + l(l + 1)
x2 � a

x
+ x

�
�(x) = � �(x)

<latexit sha1_base64="OtRdiNAwRKG1HE3XkLIarUHKo9g="></latexit>

V (r) = ��
r

+ �2 r =
�
�a

x
+ x

�
E0

<latexit sha1_base64="Og8lGogIfXk2I9aXFfGVkmFEgjM=">AAAB9HicZU9NSwJBGJ7t07Yvq2OXSAijkl0L6iIYKRSoWakVjS3j7KsOzX4wM5qy7A8JukWXDv2WrvZr2mov1nN6eD5e3qflcyaVYYy0icmp6ZnZxJw+v7C4tJxcWW1Iryco1KnHPXHTIhI4c6GumOJw4wsgTovDdevh5Nu/7oOQzHNrauhD0yEdl7UZJSqSrGShkRbbW7k93BaEBphwv0vCQIQ7uBQdscl9Fu+KHObQVuk4FPmDcGeABet01bZetAwrmTIyxg82/hMzJikUo2oln7Dt0Z4DrqKcSHlnGr5qBkQoRjmEuo590gGphhwCcHw1DHXck+AT+hDpd9XL4lWxUjuunZ1XmkF5eOI5DnHtg7FUUL49LVbHi2rwHb/izAYZOTa0cakQxFPxY1AIw2iL+ffz/6SRzZj7mezFQSp/FK9KoHW0idLIRIcoj05RFdURRW/oA43Qp9bXnrUX7fU3OqHFnTU0Bu39C4WRj04=</latexit>

Ve�(x)
<latexit sha1_base64="s2uvV6+flM2HZQmPwDzkCA+8tqA=">AAABwXicZY9LT8JAFIWn+ML6Krp0Q2SDG9IiiS4xQAIRsMrTUEKm01syYfpIZxCbpj/EhVv9Tf4bi3aDnNXJPeck9zN9RrlQ1W8ps7O7t3+QPZSPjk9Oz5Tc+ZB7y4DAgHjMC8Ym5sCoCwNBBYOxHwB2TAYjc1Fb56NXCDj13L4IfZg6eO5SmxIsktNMyRl6q/uQHxqrCGw7Lr5dz5SCWlJ/ld82WmoKKJU+U94NyyNLB1xBGOZ8oqm+mEY4EJQwiGXZ8PEcuAgZROD4IoxlY8nBx2SR3Cf6c6PX6Pbv+63H7jTqhDXPcbBrVTZaUeel2dA3h+JtXe8xagFPEgtso12PjHYCb+GEpx7HCYv2//NtMyyXtJtS+alSqN6lVFl0ia5QEWnoFlVRE+logAhaoQ/0ib6kmkQlXwr+qhkp3VygDUnRD1RteuQ=</latexit>



Finally...

n After a long long calculation, we reached
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Finally...

and...
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For T � 0.1ΛD,

�vrel σ� � m�2X
�σ� � (m3

XΛD)�1/2
<latexit sha1_base64="jpobBvT5eoj4T0/cTr7fCS/Gvbs="></latexit>

.... subdominant compared
to the rearrangement. 



Extra 2: states and wavefunctions
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Energy levels

/ 3544



Wavefunctions
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