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Bound state formation effects for CDFO



Beyond WIMPs:
Conversion-driven freeze out (CDFO)



Dark matter freeze-out (simplest case)

[Lee,Weinberg 1977; Binetruy, Girardi, Salati 1984; Bernstein, Brown, Feinberg 1985; Srednicki, Watkins,
Olive 1988; Kolb, Turner 1990; Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997]
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Slightly more complex: coannihilations

[Griest, Seckel 1991; Edsjo, Gondolo 1997]

co-annihilation partner

A2

dark matter mi < mo
A1
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Slightly more complex: coannihilations

[Griest, Seckel 1991; Edsjo, Gondolo 1997]

Coupled set of Boltzmann equations:

X2 SM
N
d . Xi SM
d?zz +3Hn; =— Z<0¢jv> (nmj — n;?qn?q) annihilations X>®< X SM

J 1 sm 2 Su
j=1 X5 SM
additional annihilation channels
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Slightly more complex: coannihilations

[Griest, Seckel 1991; Edsjo, Gondolo 1997]

Coupled set of Boltzmann equations:

X2 SM
dni N eq _eq Xi SM XSM
_— o . . . — M 1 M 1
T +3Hn;, =— g (0;V) (nm] n; m; ) annihilations X1>®<SM x2>®<sm
J=1 X5 SM
— E (0%4;0) (ninx —n;n) — (i <+ j)| conversions (scattering)
7 o
SM SM
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Slightly more complex: coannihilations

[Griest, Seckel 1991; Edsjo, Gondolo 1997]

Coupled set of Boltzmann equations:

N X2 @ SM
dni X SM >.<

o .. . _ 9,4 TIET PO X; SM

T +3Hn,; = g (0;V) (nm] n; m; ) annihilations X1>®<SM x2>®<sm

j=1 X2 SM

Y [{oi;0) (ninx — n{ng) — (i > j)] conversions (scattering)
X1><><X2
- Z L'ij (ni —n;") — (i <> j)] conversions (decay) o SH

X1
~o—~
SM
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Slightly more complex: coannihilations

[Griest, Seckel 1991; Edsjo, Gondolo 1997]

Coupled set of Boltzmann equations:

X2 SM

dnz. N eq _eq Xi SM X
o N P SR : SM
T +3Hn,; = g (0;V) (nm] n; m; ) annihilations X1>®<SM x2>®<sm
j=1 X2 SM

— o5 0) (ninx — 1, nS) — (i <+ j)| conversions (scatterin
X1 1 "X 8
— Z i (ng —n;') — (4 <> j)] conversions (decay) o >

X1
~o—~
SM

For couplings A1 ~ A2 (e.g. SUSY): (0x;;v)nx, Uiy > (oij0)n;
= conversions always efficient T

Boltzmann suppressed

Jan Heisig (RWTH Aachen University) 3 PANIC 2021, Sept. 8



Slightly more complex: coannihilations

[Griest, Seckel 1991; Edsjo, Gondolo 1997]

Coupled set of Boltzmann equations:

X2 SM

dnz. N eq _eq Xi SM X
o N P SR : SM
T +3Hn,; = g (0;V) (nm] n; m; ) annihilations X1>®<SM x2>®<sm
j=1 X2 SM

— Z (0%4;0) (ninx —n;n) — (i <+ j)| conversions (scattering)

— Z i (ng —n;') — (4 <> j)] conversions (decay) . >
SM

For couplings A1 ~ A2 (e.g. SUSY): (0x;;v)nx, Uiy > (oij0)n;

=> conversions always efficient

n, n;.
= chemical equilibrium: — = —
Uz ..
J
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Conversion-driven freeze-out / co-scattering

[Garny, JH, Lilf, Vogl 1705.09292; D'Agnolo, Pappadopulo, Ruderman 1705.08450]

A< X

Coupled set of Boltzmann equations:

dn l XZSM

2 o oy M. — nd eq) il X Mo, SM

T +3Hn, = E (04Vij) (nm] n; n;") annihilations X1>®<SM XZ>®<SM
—

J X5 SM

- Z (0%4;vi5) (ninx —n'nsd) — (i <> j)| conversions (scattering)

7 o
SM SM

— Z Tij (ni —n; ") — (i <> J)] conversions (decay)

]?ﬁz X1
~0—x
SM
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Conversion-driven freeze-out / co-scattering

[Garny, JH, Lilf, Vogl 1705.09292; D'Agnolo, Pappadopulo, Ruderman 1705.08450]

i

I

Coupled set of Boltzmann equations:

N

dn;
“+3Hn; =— Z<O‘7;jvf,;j> (nmj — nfqn(;fq) annihilations

dt

- Z (0%4;vi5) (ninx —n'nsd) — (i <> j)| conversions (scattering)

7 o
SM SM

— Z Tij (ni —n; ") — (i <> J)] conversions (decay)

]?ﬁz X1
~0—x
SM
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Conversion-driven freeze-out / co-scattering

[Garny, JH, Lilf, Vogl 1705.09292; D'Agnolo, Pappadopulo, Ruderman 1705.08450]

A< X

Coupled set of Boltzmann equations:

N

dn;
“+3Hn; =— Z<O‘7;jvf,;j> (nmj — nfqn(;fq) annihilations

dt

- Z (0%4;vi5) (ninx —n'nsd) — (i <> j)| conversions (scattering)
3752 X1><><X2
- Z Tij (ni —n;') — (i <> )] conversions (decay) > T SM

]?ﬁz X1
~0—x
SM

Conversion initiates chemical decoupling and sets relic density!

~ H
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Where is it relevant!

Simplified t-channel Leptoquark model:

mediator models: [Bélanger et al; 2002.12220, 4]
[e.g. C.Arina et al.; 2010.07559]
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An eXJDhCIt exam!:
9292]

arny, JH, Lulf, Vogl 1705

1 — 5
2

» Specific model: £ = \DL@Z — A\qq h.c.

X

= SUSY-inspired simplified model:
Choose Majorana DM and scalar bottom-partner

@@

= Yukawa-type interaction: ’I‘)’ A\
X

>\X is a free parameter here [see Ibarra et al. 2009 for SUSY realization]
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Numerical solution of full coupled system

[Garny, JH, Liilf, Vogl 1705.09292]

= Very small coupling A, ~ 2.6 x 10~ ":

my = 500 GeV , myz = 510 GeV

1072
10—6 i

10710}

10_ 14 |

10718
1

Freeze-out not instantaneous
Prolonged process!
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Bound state formation effects for
CDFO



Non-perturbative effects

Pair of colored coannihilators: 33 =1®8

X2 > N / SM
Sommerfeld enhancement: g g
X2 > Y

4/3, R =
V(r) = —ay/r %Easx{_

%/,\
N7 A

X2 >
Bound state formation: g g <§ §>B
X, > A X >

~__ 7

[see e.g. . Harz and K. Petraki 1805.01200; A. Mitridate, M. Redi, |. Smirnov, and A. Strumia 1702.01 141;
J. Ellis, F. Luo, and K. A. Olive 1503.07142;T. Binder, B. Blobel, J. Harz, and K. Mukaida 2002.07145]
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dY,
dz

dY;

W
@
W

Y
dx

Including bound states

1 ds F(’j + F§—>X

- 3H dx

N 1 ds
3H dx

N 1 ds
3Hs dx

S

L Lot ooy
S

Fbrea,k (YB — quY—zQ

1 1
§<0d’dw> (Yq? - qeqz) T §<UBSF”> (Yq? -

eq \ |
(v-isk) |

€q

2

~

e
q

).

) + Fdec (YB — qu)

[see e.g. . Harz and K. Petraki 1805.01200; A. Mitridate, M. Redi, |. Smirnov, and A. Strumia 1702.01 141;
J. Ellis, F. Luo, and K. A. Olive 1503.07142;T. Binder, B. Blobel, J. Harz, and K. Mukaida 2002.07145]
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Including bound states

dYX 1 ds F(j _I_F(j—)X ( eq) QA

P _ Y; - Y.
Q dx 3H dz S Xyed 'Q
dY" 1 dS _1 2 eq 2 eq 2 YB
Q- o) (V2 - ;™) + p{omsre) (2 -5 5)

Y
dx

Q

[see e.g. . Harz and K. Petraki 1805.01200; A. Mitridate, M. Redi, |. Smirnov, and A. Strumia 1702.01 141;
J. Ellis, F. Luo, and K. A. Olive 1503.07142;T. Binder, B. Blobel, J. Harz, and K. Mukaida 2002.07145]
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Including bound states

eq
Q % _ 1 ds Fq”—FFq_)X Y~—Yi
dz 3H dx S ooy ]
dY; 1 ds|1 N ,
@ & - b (73 Yo (32 -,
T; + oy Y
4L Sq X<Y5_YXY;J?q> :
~dYn— 1 ds i e Y7 e _
@}:{: T3 Hs da | e (YB—Yque—@> + Taec (Y5 — Y5°)

YB D'break YQ”Q/Y(jqu + [gec

= —eq =
YB Fbreak =+ Fdec

[see e.g. . Harz and K. Petraki 1805.01200; A. Mitridate, M. Redi, |. Smirnov, and A. Strumia 1702.01 141;

J. Ellis, F. Luo, and K. A. Olive 1503.07142;T. Binder, B. Blobel, J. Harz, and K. Mukaida 2002.07145]
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Including bound states

Q dYX B 1 ds F(j + F§—>X Ve _V {jeq
dx 3H dz s D e N

dYg 1 ds|1 2 eq 2 1 2 eq2 YB
T 523 Mo (v
Q & - s (75 + o) (2 - v
T+ Ty, =Y
q Sq X<Y§_YXY§%Q>

YB Fbreak YQ”Q/Y(jqu + Fdec

Ylge’q B Fbreak + Fdec

=

I‘dec
(oBsrv) — <0BSbreak+FdeC

[see e.g. . Harz and K. Petraki 1805.01200; A. Mitridate, M. Redi, |. Smirnov, and A. Strumia 1702.01 141;
J. Ellis, F. Luo, and K. A. Olive 1503.07142;T. Binder, B. Blobel, J. Harz, and K. Mukaida 2002.07145]
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lonization equilibrium
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lonization equilibrium
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Corrections to the decay

Leading decay rate:

e

B

~80% correction

Three-body decay: 30% off
~30% effect
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Impact on annihilation cross section

10722
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Impact on viable parameter space

Oh? =0.12
40} ]
30f WIMP ]
| region '
< g
&
el 20 -
&
< : s
1o CDFO % %, N -_'
. region - “HSom. N N\+3-body )
% . N .
of AR TS _—
1000 2000 3000 4000
mMpm [GeV]

Jan Heisig (RWTH Aachen University) 13 PANIC 2021, Sept. 8



Relevant for current searches?

Conversion rate on the edge of being efficient:

Fc:omv ~ H
= Fdec 5 H
1 2
cr > H 1 ~15cm (( OO;GV) >

T < (10—100) GeV
= Long-lived particles at LHC!
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Long-lived particles at LHC
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Viable parameter space

Qh? =0.12
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LHC — R-hadrons: ATLAS [1902.01636, 1808.04095 approximate reinterpretation];
CMS [CMS-PAS-EX0O-16-036, recasting from 1705.09292]

LHC — DT: ATLAS Disappearing-track search [1712.02118, recasting from 2002.12220, 7]



Viable parameter space
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Summary

= Conversion-driven freeze-out less explored terrain

= Prolonged freeze-out process

= Bound states of coannihilator particularly important

= | eading correction in ionization equilibrium:
bound state decay

= Colored coannihilator: viable parameter space
significantly en

= Important for

arged

ong-lived particle searches at L

H ~ [': Lifetimes naturally O(1-100cm)
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