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Introduction

* The WIMP dark matter typically requires a thermally averaged annihilation cross section

(ov) ~2 x 10~2cm?s~!,

* Well known three exceptions [Phys. Rev. D 43, 3191 (1991)]
@ Coannihilation: mutual annihilation of multiple species
@ Forbidden: annihilation into heaver states
@ Resonance: annihilation near a pole in the cross section

* The fourth exception [Phys.Rev.Lett. 119 (2017) 6, 061102]
@ Coscattering: inelastic conversions with its heavier partner

@ x/v interchange : x¢ — ¥¢
@ v annihilation: ¢y — ¢¢
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The Scotogenic Model

* Neutrino masses are generated via loop diagrams mediated by the dark particles.
* When dark matter pair annihilates via the Yukawa portal interactions, stringent
constraints are from lepton flavor violation.

* When dark matter annihilates via the interactions, stringent
constraints are from

* New viable pathway for dark matter Coscattering mechanism
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Theoretical Framework

* Scotogenic inverse model: doublet fermion ¥ = (°,¢~), singlet fermion y and three
real singlet scalar ¢;(i = 1,2, 3)

» Assuming the scalar mass spectrum my, < mg, < mgy, for simplicity

* The most general scalar potential:

A A A
Ly = (G4 G o ) HH + ot (n
TATEJPUE BOUAC | FE WAL VR
+e o105 + c d192 + 12¢1+ 12¢>2,
*« The Yukawa interaction of the dark scalars is
Ly = Yia®iWl, + H.C., (2)

where £, = (va, ;)T is the SM lepton doublets.
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Higgs Portal: Relic Density

*The Boltzmann equation for dark matter ¢, is
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1
Pair annihilation : ¢1¢; — SMSM, Coannihilation : ¢1¢, — SMSM Coscattering :
?2SM — ¢1SM, Conversion : ¢o¢; — ¢1¢;, Decay : ¢ — ¢1ff
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Coscattering Benchmark

(a) my, =500 GeV, Amy =10 GeV, 11 =103, 4, =1,212=2.97x 10 (c) Coscatteringj
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* Large value of \,, tiny value of \,, small value of A;.
* The last reaction to decouple which changes the number density of ¢; is the

coscattering process ¢>SM — ¢1SM.
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Coannihilation Benchmark

(b) my, =500 GeV, Amy =10 GeV, 2, =107, 2,=0.1,1;,=0.257 (d) Coannihilation
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* Relatively large value of A\, and \;,, small value of ;.
* The last reaction to decouple which changes the number density of ¢; is the

coannihilation process ¢;¢>, — SMSM.
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Freeze-out phases
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= Coscattering favors Am, < 20 GeV, light dark matter my, < 1 TeV, and large A, 2 0.4.
* Traditional WIMP favors large mass splitting.

* Coannihilation is dominant in the transition region.
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Phenomenology of Dark Matter ¢,

* Four benchmark scenario:
[a] )\2:1,Am¢: 1 GeV [b] )\2:1,Am¢: 10 GeV
[C] AZ:O.l,Am¢:1GeV [d] /\2:0.1,Am¢: 10 GeV
* Perform a scan in the following parameter ranges:

mg, € [10,2000] GeV, A, € [1074,1], A2 € [1072,1]. (4)

The DM relic density is required within the 3o range of the Planck result
* The spin-independent scattering cross section is calculated as

22,4
A Cm,,

o] = ,
St 47r(m¢1—|—mn)2m2

(5)

where C ~ 0.3 is a nucleon matrix element dependent constant, and m,, is the nucleon
mass.
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Higgs Decay

Light scalars induce new decay modes of the SM Higgs as 7 — ¢;¢;. The decay widths
are calculated as

)\2\/2 4m2
A2, 12
| A 27H [ (m2 — Amg?)(m2 — (Amg + 2my,)?), (7)
102 16mm; !
A2 4(my, + Amy)?
r — 2VH 1 — P ¢ 8
h—¢a¢» 327rmh\/ m%l ) ( )

* The ATLAS upper limits of invisible and undetected non-SM Higgs boson decays are
BRi.. < 0.11 and BRy, < 0.12.
* For XAy > 0.1, the region with my, < m;,/2 is totally excluded.
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Direct Detection and Higgs Decay

— Direct +  Commihilation % BBN — Direct +  Coannhilation 4 Coscattering
—— ATLAS A Coscattering

10° 100

107 10°°

Scenario [a] Samples distributed within ms, <270 GeVand3 x 107* < A $7.6 x 1073
are dominated by coscattering.

Scenario [b] Increasing Am to 10 GeV can satisfy the BBN constraint for coscattering

00 Ge 2 ) GeV cY
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Direct Detection and Higgs Decay

—— Direct +  Coannihilation A Coscattering —— Direct +  Coannihilation
—— ATLAS —— ATLAS
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Scenario [c] Coscattering appears around my, ~ 100 GeV.
Scenario [d] No coscattering samples.

[m] = = =
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Indirect Detection

)
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Under the tight constraints
from direct detection,
indirect detection is not
promising even for the
future experiments.
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Cosmological constraints on long-lived ¢,

@ 72=1,8my=1GeV. (b)i2=1,Amy =10 GeV.
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Displaced vertex signature of ¢,

* Higgs portal channels at LHC
pp =W = G162 — G191ff, (9)
pp = hY = $ady — SIS, (10)

* The number of events for the one displaced vertex Npy is

Npv = L X 0(pp = ¢1¢2) X Pgec X BRyis X K1 (11)
+ 2Ly X U(PP — ¢2¢2) X Pgec X BRvis X K2,
Line = 139 fo~! for LHC and Li, = 3000 fo~! for HL-LHC
Pgec is the decay probability within detector, BRys ~ 1,

optimistic estimation with the detection efficiency x;, = 1
vanishing background, the sensitive region is derived with Npy = 3
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Sensitive region of the one DV

Amg = 1 GeV is beyond
the reach of LHC.

Amgy =10 GeV, LHC
covers coannihilation or
coscattering samples with
mg, < 200 GeV.
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Yukawa Portal: Relic Density

*The Boltzmann equation for dark matter ¢, is

dYy s 2 2
Wl = Tin |:<UV>(;)1(;>1_>ZA (Ya)] - (¥g) ) +(0V) 4, 6,2 (Y¢1Y¢2 —-Yg Yj:l)

r ; Yy
Pr— P14 [
_ _ zs I <Y¢2_Y;flzy¢'>} (12)

Pair annihilation : ¢;¢, — ¢, Coannihilation : ¢¢, — £¢

Decay : ¢ — ¢/
* Differences from the Higgs portal:

1 No conversion terms ¢,¢; — ¢1¢; between the scalars
2 Only involve SM leptons via Yukawa interaction y;,¢; ¥/,
* The effective Yukawa coupling y; = v/|yie|> + [yiu|> + [yir|?
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Coscattering and Coannihilation Benchmark

1072

10-°

1077

101

10-13

-15
10 1

(a) mg, =500 GeV, Amy =10 GeV, Amp = 1000 GeV 107 (b) mg, =500 GeV, Amy =10 GeV, Amp= 1000 GeV
ya=1,y1=3.68x 1073 v2=0.5,y;=0.19
107%
T e
- "
107°
10-1t
10713
10! } 102 104 107115 o 10! . 102 103 104
x (mg,/T) X (mg,/T)
(a): Large value of y,, tiny value of y;, Coscattering ¢,/ — ¢/
(b): Relatively large value of y, y;, Coannihilation ¢;¢, — ¢4
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Freeze-out phase
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* Coscattering favors Amy/my, < 0.1, mg, <2 TeVandy, 2 0.5.
» Goannihilation favors Amg/mg, ~ 0.1, y; 2 0.25.
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Constraints from LFV

* The branching ratio of 1 — e~ can be expressed as

2
: (13)

30em

BRuey = 647 Gim}.

m¢ /mF>

where Fermi constant G; = 1.17 x 107> GeV 2 and fine structure constant aem = 1/137.
And

2 —3a—6a’> 4 a® + 6aloga

Gla) = 6(1 —a)*

(14)

* MEG experiment is BR,,_,., < 1.5 x 10713, which roughly requires the condition
| > Yieyip| < 1073 for TeV scale mp.
* Hierarchical Yukawa couplings as [yi.| < |yi.| < [yir| ~ O(1)
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Scan Result

* Four benchmark scenario:

[a]y2: 1,Am¢:1GeV [b]yzzl,AM¢: 10 GeV
[c]y2=0.1,Am¢=lGeV [d]y2=0.1,Am¢=10 GeV

+  Coannihilation ®  Fermi-LAT and HES.S. +  LHC (dilepton)
A Coscattering
10°
(@) y2=1,Amy=1GeV
107 §
8
#
1072 %

my (GeV
Zhi-Long Han (UJN)

2000

1750

1500

o
N
&
=)

=
o
S
S}

Amp (GeV)

CSDM in Scotogenic

+  Coannihilation *  WIMP *  LHC (dilepton)
A Coscattering ®  Fermi-LAT and HES.S
10° 2000
(b) y2=1,Amy=10 GeV
N 2 0
Pd ™ £ 1750
107! :
: 1
& 500
1072
44 —~
A 1250 >
= 107 w2 9
% 1000
g
! 750 <
-4
10 H
gt 2
Pars £ 500
105 i A, f'
iy %
w o 250
-6 .
10786 4
mg, (GeV)
July 22, 2026

21/27



Scan Result

+  Coannihilation

* WIMP
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+  Coannihilation ®  Fermi-LAT and HES.S.
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* The upper/lower bounds of the samples correspond to the maximum/minimum of Amp
* Dilepton signature pp — ¢~ — £T¢~ + Er exclude certain parameter region.
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Indirect Detection
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* WIMP is typically
disfavored by indirect
detection.

* Coannihilation might be
tested in the future.

* Coscattering is beyond
the scope.
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Collider Signature through Yukawa Portal

* The dominant processes as

I S S N A N AN YV AN A S A Y A (15)
pp — VY0 = Dy + vy — 0T + v T, (16)
pp = Y0 = gy +vdy — (T T f gl (17)

* The number of events for the one displaced vertex Npy is

Nov = 2L x o(pp = 797, 9%%°) x BRY_, 4,0 X Pacc X BRyjs X K
+ 2Lint X o(pp — iﬁwo) X BR%IJ~>¢2€ X Pgec X BRyjs X H/2'
* The decay mode ¢, — ¢vv, which is invisible at colliders.
The dilepton signature pp — ot~ — (70~ + Er
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LHC could probe
coannihilation and
coscattering samples with
y2 = 1 and my below TeV.
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Dilepton Signature
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* LHC has excluded
mr < 660 GeV and
my, < 400 GeV.

* HL-LHC probe

mrp < 1400 GeV and
my, < 900 GeV.
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Conclusion

* Coscattering Dark Matter via the process x2SM — xSM is viable in the Scotogenic
model.

* Higgs portal scenario
1 Coscattering favors small mass splitting Am, and large Xs.
2 Positive direct detection signal, negative indirect detection one.
3 Coannihilation leads to observable displaced vertex signature.
* Yukawa portal scenario
1 Coscattering favors small mass splitting Amy and large y,.
2 Negative direct detection signal, positive indirect detection one.

3 Coannihilation and coscattering both leads to observable displaced vertex and
dilepton signature.
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