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WIMP Freezeout

0.12
(OVrel. ) [25TeV]2

QDM h2 ~

Equilibrium
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1

sz/T Steigman, Dasgupta, Beacom
arXiv: 1204.3622
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Cartoon Overview of Approach
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Cross-

Process Section area
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e ) + decay of excited states.

CAS(2 o
( )(YDM YDE?),

S 2
(Yom — Yo ) =
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Boltzmann Equations with Bound States

D B A D B T T Y T T S T L T R O T Tt B N N o T\ -

Fermion Splet, M, = 14 TeV, Coulomb approximation
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freeze—out |

@z=25
tree—level

thermal
distribution

bound states
1—‘ann — 10_5 MDM

100 1000 10#

=M DM/ T Smirnov, Beacom
arXiv: 1904.11503
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Electroweak Dark Matter

Fermion triplet with ¥ = 0 (‘wino’) Fermion quintuplet with ¥ =0
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7 Arm(2J+1)

Omax o

5
PDMm

Am(2J + 1
(Uvrel)gotal < (O’U)Jmax — 7T(—+)

2
M DM U rel

Qxh?=1.7%x10 " °/x/[my/(1 TeV)]?

Mx < 340 TeV

K. Griest and M. Kamionkowski
Phys.Rev.Lett. 64 (1990) 615

Juri Smirnov, OSU: smirnov.9@osu.edu; IPMU, 17/06/21

11



Velocity Dependence and Highe

Z(Ulvrel)BSF BR(BI — SM) S (O-Urel)total
I

Juri Smirnov, OSU: smirnov.9@osu.edu; IPMU, 17/06/21
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Effective Representation
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New Cherenkov Detectors
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Bound State forms: 10720
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Example: DM Spectroscopy

M, = 14 TeV
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' Example: Sensitivity to Heavy Dark Matter
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| - Application II:
Anmhlla,tlon with Color- cha,rged

_raptners eaw e |

18



N
>
=
S
(4
b
~
\
N
>
(-
«P]
b
~

7’

10
T [GeV]

Example: Co-annihilation with a squark

. 9 exp(AM/T) 777
Urel — 5 M ‘ticles)vye 1 X
o = 0(X'x" — SM particles)v X |1+ 0 (L+ AM/M,)
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= i = 4 ~ 3 - < S = o

&

Squark co—annihilation, My = 1.5 TeV Gluino co—annihilation, M, = 6 TeV
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Singlet with SU(3) Triplet scalar Singlet with SU(S) Qctet fermion
(Bino/Squark) (Bino/Gluino)
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QCD Effects on Annihilation
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Singlet with SU(3) Triplet scalar Singlet with SU(3) Qctet fermion
(. '

Co-Annihilation: Results

Neutralino DM co-annihilating with squarks

DM mass splitting in GeV
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DM mass splitting in GeV
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Co-Annihilation: Results

Neutralino DM co—annihilating with squarks
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Neutralino DM co—annihilating with gluinos

Perturbative calculation

with bound states

+ non—perturbative
effects
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Apphca.tlon III

Long leed COlOI‘ Cha,rged Rehcs
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The Gluino freezeout
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Summary

@ Bound-state formation has an increasing effect for larger
EW representations

@ It needs to be taken into account for the estimate of the
unitarity bound

@ Co-annihilation with color-charged partners is strongly
affected by bound-state formation, in particular at small
mass splitting

@ The andante of long lived color charged relic is severely
affected by bound-state formation and non-perturbative
QCD contributions

Juri Smirnov, OSU: smirnov.9@osu.edu; IPMU, 17/06/21
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Unitarity Bound for
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Why are Atoms big?

Juri Smirnov, CCAPP @ OSU
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Lower Bound from Unitarity

VOLUME 64, NUMBLR 6 PHYSICAL REVIEW LETTERS S FERRUARY 1990

Unitarity Limits on the Mass and Radius of Dark-Matter Particles

Kim Griest
Center for Particle Astrophysics, University of California. Berkeley, Califorma 94720

Marc Kamionkowsk:

Physics Department, Enrico Ferm [nstitate. The Umversity of Chicago, Chicago, ilinais 60637 -1433
and NASA/Fermilab Astrophysics Center, Fermi National Acceleraior Laboratory,

Batavia, Hiinows 605100500
{Received § Octoher 1959)

class 2£ _|_
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pDM

Rom > 7.5 107 fm = 1.7 PeV-1

Limit is mass independent

Juri Smirnov, CCAPP @ OSU
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The Annihilation Process

Juri Smirnov, CCAPP @ OSU
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Dark Quarkonium Potential

Juri Smirnov, CCAPP @ OSU
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The Effective Cross Section

0.1
T in GeV

Juri Smirnov, CCAPP @ OSU
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Composite DM Mass-Size Bounds
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Non perturbative Effects

My < Qeg M,

| RBohr < RYukawa, ;

Juri Smirnov, INFN Florence division



Oleff = )\Jaa

Example SU(L): 3®3=1s® 34D 5g,
. 2’lT'Oéeff/'Urel
1 - 6_27raeff/'vrel

S = for MVZO.

Juri Smirnov, INFN Florence division



Bound State Selection Rules

@ The Group theory structure

@ The wave function symmetry
@ Angular momentum conservation AL =1

@ Energy conservation

Juri Smirnov, INFN Florence division



Bound State Selection Rules

Example SU(L):

3R3=1sF 34 P 5g,

Note that effective potential changes!

Juri Smirnov, INFN Florence division



Bound State Selection Rules

@ The Group theory structure \
@ The wave function symmetry
@ Angular momentum conservation AL =1

@ Energy conservation
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Bound State Selection Rules
wave function: antisymmetric

@ Spin parity: (—1)°
o Space parity: G

SR EeI RNl (1) where [ = 2] + 1

Example SU(L):

allowed ¢
—2ap/r 2 Jevenif S =0,0dd if S =1

—a [T evenif S=1,0dd if S =0
even1f S =0,odd 1f S =1

3®3:15@3A®533

Juri Smirnov, INFN Florence division



Bound State Selection Rules

@ The Group theory structure \
@ The wave function symmetry \
@ Angular momentum conservation AL =1 \

@ Energy conservation

Juri Smirnov, INFN Florence division



Binding Energy

Binding energies in a Yukawa potential
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Figure 1: FEnergies of bound states in a Yukawa potential (colored curves) compared to the
Hulthen approzimation with k = 1.9 (black continuous curves).
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Bound State Selection Rules

@ The Group theory structure \
@ The wave function symmetry \
@ Angular momentum conservation AL = 1 \

s Energy conservation \,

What happens to the Wimponium®

Juri Smirnov, INFN Florence division



The fate of the Bound State

Bound states with: [N

L VAVAVAVAVAVAV

spin =0 spin = 1

Bound states with: :g ~ 0
dominantly decay ——

512A7 A% aM M’

1 Cd
30+ 20,8 3dp 2, |G A

aM M’

[(2p = 1s +7) = Qem@y M, ()\2
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Effectlve Cha,rge

OVann _ 2R4 + 17R? —

L. Lopez Honorez, M. Tytgat,
3 2 R P. Tziveloglou, B. Zaldivar

JHEP 1804 (2018) 011

g0

for example \; = (R* —

T

(O-Urel)g (O-Urel)

n

A. Mitridate, M. Redi, J. Smirnov, A. Strumia,

JCAP 1705 (2017) no.05, 006
Juri Smirnov, OSU: smirnov.9@osu.edu; IPMU, 17/06/21
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Sommerfeld

e—MVT’

Vi= —es ma— Qeff = AJQ,

Example SU(R):

27Taeﬁ' / Urel

S = for MVZO.

1 — 6_27"aeﬁ'/vrel
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Selection Rules

Example SU(L):

3R3=1sF 34 P 5g,

Note that effective potential changes!

Juri Smirnov, OSU: smirnov.9@osu.edu; IPMU, 17/06/21
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Binding Energy
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