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three generations of matter

Why Flavored Dark Matter? o m

mass =2.16 MeV/c? ~1.273 GeV/c? ~172.57 GeV/c?
.. harge % 73 73
® Traditional WIMP models under severe pressure  =n » U x (G o
up charm | top
— Assume DM has non-trivial flavor structure —J —J )
| . k S M ~4.7 MeV/c? ~93.5 MeV/c? ~4.183 GeV/c?
-3 -1 -
e . : .
® Couple to SM fermions f through complex down || strange | bottom |
3 X 3 matrix /1 )(] ~0.511 MeV/c? ~105.66 MeV/c? ~1.77693 GeV/c?
-1 -1 -1
gint — ﬁl]][‘lX]Y + h .C. ﬁ ij electron muon tau
v
? <0.8 eV/c? <0.17 MeV/c? <18.2 MeV/c?
Y O | W .V "
¢ ® ‘ V7; V7 V7
® New source of flavor and CP violation A, u
L electron muon tau
- neutrino neutrino neutrino

— Different phenomenology like more complex
freeze-out mechanism
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Freeze-Out with Coannihilations

A, ~ 4,, couplings large

Dark Matter depletes through
X1 SM

Ybm

X1 SM

e,
ot

X2 SM
X = mDM/T

Dark sector particles in chemical equilibrium
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Freeze-Out with Coannihilations

A, ~ 4,, couplings large

Dark Matter depletes through
X1 SM

X1 SM

e,
ot

A2 SM
X=mD|\/|/T
Dark sector particles in chemical equilibrium
dY 1 ds nfd n;
_ 2 _
—p Solve — =— (O V) (Y — ) where (o4V) = Z< Vil ed eq

dx 3H dx



Conversion-Driven Freeze-Out

A, very small, 1, large
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Conversion-Driven Freeze-Out

A, very small, 1, large

Dark Matter depletes through

N SM SM SM 2 M
7 SM X —> )Z(
>@m

N\ SM SM

/ _SM

['.,,v ~ H— no chemical equilibrium

— Set of coupled Boltzmann equations needs to be solved for all contributing particles
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Conversion-Driven Freeze-Out

Canonical
FO

XX - SM
XY - SM

Qh?
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Conversion-Driven Freeze-Out

Canonical
FO
XY XX - SM
YY - SM XY -—->SM

Qh?
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Conversion-Driven Freeze-Out

CDEO Canonical — Relic abundance is enhanced for very

FO small couplings
XoVY XX - SM

Qh?

YY - SM XY - SM
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Conversion-Driven Freeze-Out

CDEO Canonical — Relic abundance is enhanced for very

FO small couplings
XoVY XX - SM

Qh?

YY - SM XY - SM

3

L Canonical
S FO

1

S

<

<

My
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Conversion-Driven Freeze-Out

CDEO Canonical — Relic abundance is enhanced for very
FO small couplings
oL XY XX - SM
G YY - SM XY — SM T
® Canonical
® Conversion-driven
105 - - Eqg. abundance :
2
>~ 10710+ -
s on=012 N—,
L Canonical :
S FO ol y )
¢
1 f
L 4
S ¢
4 **
| [ NN N N B | | |**I||||I | | [ NN (R N B
1 | 5 10 50 100 500 1000
My X = mDM/T
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Baryon Asymmetry with Flavored DM ’

e Sakharov conditions:

® C- and CP-symmetry violation From conversion process with CP- f

violating coupling

® Interactions out of equilibrium Early DM departure from equilibrium
because of very small couplings

Sphaleron processes violate B + L in
SM sector (but conserve B — L)

® Baryon number violation
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Baryon Asymmetry with Flavored DM ’

e Sakharov conditions:

® C- and CP-symmetry violation From conversion process with CP- f

violating coupling

® Interactions out of equilibrium Early DM departure from equilibrium
because of very small couplings

Sphaleron processes violate B + L in
SM sector (but conserve B — L)

® Baryon number violation

® Sphaleron processes: non-perturbative transitions in the electroweak theory
between topologically distinct vacua, active at high temperatures (until

T ~ 130 GeV)
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Conversion-Driven Leptogenesis

® Studied already using leptophilic flavored
DM with 2 nearly mass-degenerate y flavors
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Conversion-Driven Leptogenesis

X
® Studied already using leptophilic flavored
. ]
DM with 2 nearly mass-degenerate y flavors ===
® Generate Ay and A, through CP-violating -
conversion where A, =Y, — Y; !
® | epton number conserved overall
S A, =—A, =—AL @©: T ~ Tsphal
¢ 7
@Z 'K Tdec

® Sphaleron processes convert AL to AB,
only affecting SM

L @: sm sector

e After sphaleron decoupling, ¢ decays and QL O : Mediator
asymmetry is removed | |
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Conversion-Driven Leptogenesis

® CP-asymmetry in ¢p — y,p decay my, = 300GeV, Amg, =5GeV

_ 4
€; = , € = €
21—‘i v 1077
* Asymmetry A, =Y, — Y large %
at sphaleron decoupling S 10-10
temperature | Vet
. -13 | :
® Can be converted into Baryon 1 ; 5,
asymmetry with VNN
1 10 100 1000
YABr’?’/—EGﬂ =t
79 €

= TS phal
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Conversion-Driven Leptogenesis

¢ CP-asymmetry in ¢p — y.£» decay

[ —TI7
€; = , € = €
21,

l

* Asymmetry A, =Y, — Y large
at sphaleron decoupling
temperature

® Can be converted into Baryon
asymmetry with

1= TS phal
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m, = 300 GeV, Am,, = 5GeV

10—4 B
L1077
< %
— g
S
] 10-10 |

YX1+YX2
10-13 |
f >
1 10 100 1000

x=m,/T

— Study case for quark-philic model,
include thermal corrections



Preliminary

Conversion-Driven Baryogenesis

@Z 1"~ Tsphal
@ 'K Tdec

L @: sM sector

> O : Mediator

® Use flavored DM model coupling to right-
handed down-type quarks with 2 flavors

® Include Sommerfeld enhancement and
bound state formation effects from

[Binder et al. 2025] for ¢p¢p pair-annihilation
AT



Preliminary

Conversion-Driven Baryogenesis

m, = 300GeV, me = 305 GeV

B 101 —
@Z 1"~ Tsphal 107°- — ii/
@ I Tdec 107
<]E 1077
L @: sMm sector 5 0
/\‘)”.‘ ."’ . N
Q? *Q% O: Mediator 10-11-
: R : o=
10—13_
® Use flavored DM model coupling to I‘ight- O T T T e
handed down-type quarks with 2 flavors o=y /T

Convert into baryon asymmetry:
® Include Sommerfeld enhancement and

bound state formation effects from 21 By
[Binder et al. 2025] for ¢p¢p pair-annihilation
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Viable Parameter Space

e Solution possible for QA% =0.12

and Y, = 0.9 x 10719 with
e~ 107°=107"

e Couplings of order G(1077)

— evade direct and indirect
searches, possible to look for
disappearing tracks (DT) at LHC

® Fore/y > 0.1 validity of
computation questionable
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Preliminary

Branching fraction ¢ — y;: 0.95

S 125 -
=

S 10.0-
|

S 75-
<]

5.0 -

— CDFO boundary
—— CMS DT (AR cut)

e/v > 0.1

L
N
"a,
N
L
L4

L d
L
L
L]
L
L4
L]
L
L]
L
L
L4
..
L

\

300 1000

m, |GeV]

Limits reinterpreted from [Heisig et al. 2024]



Preliminary

Viable Parameter Space

e Solution possible for QA% =0.12 Branching fraction ¢ — y;: 0.95
and YAB — 0.9 X 10_10 With 22.5- —— (CDFO boundary
€ ~ 10—6 - 10—3 00l T T A . gﬁsoﬁi EfTiAClslt])DV

e/v > 0.1

e Couplings of order 6(107/) c
=15.091 TN
— evade direct and indirect 9

. 12.5 1
searches, possible to look for |§
10.0

disappearing tracks (DT) at LHC

S 75-
55

® For 6/}/ > 0.1 Valldlty Of N T\
computation questionable

F_-ﬁm_- | -— \

® Proposed displaced vertices (DV) 200 100 600 00 1000 1200
GeV
+MET search could cover most of i [GeV]
parameter space
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Limits reinterpreted from [Heisig et al. 2024]



Thermal Effects Preliminary

® |nclude thermal effects for propagators using real time formalism and
include thermal masses of particles

Without thermal masses With thermal masses

—— CDFO boundary a —— CDFO boundary
—— CMS DT (AR cut) —— CMS DT (AR cut)

e/v > 0.1 al e/v > 0.1




Ore
dark Mmattey /

Conclusions

® Conversion-driven freeze-out scenario in flavored DM models allows for

couplings 4 ~ 10~/ — provides correct relic abundance while evading WIMP
constraints and fulfills Sakharov conditions

® Conversion-driven baryogenesis can produce viable dark matter candidate
and baryon asymmetry at the same time in large region of parameter space

e Solution possible up to DM masses of ~ 1200 GeV (compared to
leptogenesis case with DM masses only up to 500 GeV)

® Most of the parameter space is testable at colliders with existing DV or
proposed DT searches
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dark Mmattey /

Conclusions

® Conversion-driven freeze-out scenario in flavored DM models allows for

couplings 4 ~ 10~/ — provides correct relic abundance while evading WIMP
constraints and fulfills Sakharov conditions

® Conversion-driven baryogenesis can produce viable dark matter candidate
and baryon asymmetry at the same time in large region of parameter space

e Solution possible up to DM masses of ~ 1200 GeV (compared to
leptogenesis case with DM masses only up to 500 GeV)

® Most of the parameter space is testable at colliders with existing DV or
proposed DT searches

Thank youl!
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Majorana DM Coupling to d,

e Dark matter flavor triplet 7, mediator ¢

® New physics contribution with flavor and CP violating interaction:

| . 7
Z'Np O Eﬂ?(lﬂ— M)y + (Dﬂ(ﬂ)T(D”(ﬂ) — M(%(PT(P + (4;; dR,i)(jéﬂ +h.c.)

+2,,(@ ' 9) + A,y ) H'H)

SKIT



Conversion Driven Freeze-Out

o Conversions y; <> y; or y; <> ¢ can become inefficient during freeze-out when
conversionrate ' ~ H

® Chemical equilibrium breaks down — coupled BME of all particles need to
be solved

Yy, 1 s r,_., yea 3 yed
Ai _ _ eqvyveqy Xi )(] _ Ai . eqvyeq Cb_))(i _ ¢
v 3H dx (<0){l%jv>(Ymej Y, ¥, . (Y)(i Y, yed +(oy, (Y, Y, =Y, Y. Yy—1, yed

dY 1 ds{ 1 r,. YA
P _ [ 2 2 _ YS9y _yeayeayy %[y _y Y
dx  3H dx ( o <0¢¢V>(Y¢ (Yqb )7+ <0¢)(iv>(Y)(iY¢ Y)(i Yqb )+ (Y¢ Y)(i yed
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Conversion Driven Freeze-Out

o Conversions y; < y; or y; <> ¢ can become inefticient during freeze-out when
conversionrate ' ~ H

® Chemical equilibrium breaks down — coupled BME of all particles need to
be solved

dY 1 ds | Y4 Ly, Y,
Ai _ - eqyveqy X )(] _ Xi L eqyeq Cb_))(z _ §b
v 3H dx (<5xl)gv>(YXinj Y ) . (Yﬂa g yed +0y V)V Yy = YY) Yy =1, y<a

dY 1 ds /1 r, . Y:
v ___ &= 2 _ (7292 _yeayeay 5 [y oy Y
= dx(2<"¢¢">(y¢ (¥,)7) + (o V)X, Yy = V0¥ D+ (Y¢ Yy Jea

All coannihilations
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Conversion Driven Freeze-Out

o Conversions y; < y; or y; <> ¢ can become inefticient during freeze-out when
conversionrate ' ~ H

® Chemical equilibrium breaks down — coupled BME of all particles need to
be solved

dyY 1 ds I, Y 9 | Y,
Xi _ yedyedy, “TH _y A _ yeayeqy__ 7% _y _*
v 3H dx (<0)(i)(jv>(Y)(iY)(j Y, Y, . (Y)a r, s +(oy, (Y, Y, =Y, Y. Yo=Y, yed

dY 1 ds{ 1 r,. YA
_¢ — S — 2 _ (yeq)2 _ Yedyeqy P—x _ ¢
dx - 3H dx ( o) <0¢¢V>(Y¢ (Yqb )7) + <G¢Ziv>(YXiY¢ Y)(i Yqb ) (Y€b Y)(i yed

All conversions including decays
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BME for Conversion-Driven Baryogenesis

Ay, ]
tHZ — = _Ty3y+ = EQZI‘ qu
1 2 eq2
—i(a'v)s(E - X q)
dA
iEHZ dl’ =—F¢A¢
| I, A
_I_F qu 7 . f
e L (e o)
dY, . 1 Y,
HZ Xi . __N€q
eHZ X =T (2¢ = qu>
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Baryon Asymmetry

® Sakharov conditions for baryon-

10
generating interactions: 18 =+l
® C- and CP-symmetry violation
® |nteractions out of equilibrium y

b

® Baryon number violation

® Possible solutions linking DM and baryon asymmetry: sterile neutrino,
asymmetric DM
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Sommerfeld Enhancement and Bound State Effects

® Occur in models with t-channel
mediators, can become relevant in
conversion-driven freeze-out when

10-20| m,=1TeV, Am=20GeV '

mediator annihilation is dominant 102"
e Sommerfeld enhancement: two-body = 1p-22
. . . i :
wave-function of ¢¢ is distorted by 5 o0
long-range potential - enhanced g
. . 24 |
wave-function at short distance 10777 |
. -25 |
e Bound State Effects: particles can e
form bound states which increases 1 10 100 1000  10*  10°  10°
annihilation cross section X
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Sommerfeld Enhancement and Bound State Effects

® Occur in models with t-channel
mediators, can become relevant in
conversion-driven freeze-out when
mediator annihilation is dominant

® Sommerfeld enhancement: two-body
wave-function of ¢¢ is distorted by

long-range potential - enhanced
wave-function at short distance

® Bound State Effects: particles can
form bound states which increases
annihilation cross section

SKIT

10l

40

301

Qh?=0.12
boundary line -

h..
[ ]
-----------

1000 2000 3000 4000
m, [GeV]



CP-Asymmetry in Decay

® | eading contribution to CP- ¢~(T) +(T)
asymmetry from interference of tree- e(T) =1 (€ + 70/ (22)2)? + ~(T)? ~ I £
level and one-loop diagram at finite
temperatures I = S[(ATA)3]/(IATA[11[ATA[22), € = 2Amy2 /T,
® /,: complex phase, should be smaller
than 1

® £: decay width should be smaller
than mass splitting — & > 10
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BME Solutions Including Thermal Effects

) m, = 300 GeV, mg = 305 GeV
1071 i
| ——= Y€
-
= — Y., 1Y,
—3 [ X1
10 : 5,
: A@/E
107° i
|
) — |
~~ 1077
< :
= :
10~ '
g i
10-1L I
Qh? =0.12 |
—————————————— :—
1013 :
|
= \
10~ - I I .\ NN |
10~1 10V 101 102 103
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Parameter Values

e Needed coupling and € values to obtain QAh* = 0.12 and Y, = 0.9 x 10710
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Viable Parameter Space

e Solution possible for QA% =0.12

and Y, = 0.9 x 10719 with
e~ 107°=107"

® Fore/y > 0.1 validity of
computation questionable

® Couplings of order 6(1077)

— evade direct and indirect
searches, possible to look for
disappearing tracks (DT) at LHC
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Preliminary

Branching fraction ¢ — y;: 0.75

22.5 —— CDFO boundary
—— CMS DT (AR cut)
20.0 Proposed ATLAS DV
- e/v > 0.1
;- .
<,
S 15.0-
BN e
= I\ Tl
1254 NOC 0 Ty
T e N
S 1004 ONC T
|
S 754
< e
T
200 400 600 300 1000 1200

Limits reinterpreted from [Heisig et al. 2024]



Preliminary

Viable Parameter Space

e Solution possible for QA% =0.12 Branching fraction ¢ — y;: 0.75
and YAB — 0.9 X 10_10 With 22.91 —— CDFO boundary
e ~1070—-1073 " Propesed ATLAS DV
e/v > 0.1
. ;17.5-
® Forel/y > 0.1 validity of 5
computation questionable NN e
RN Tl
® Couplings of order O(1077) S ol Nl T TN
o . . |
— evade direct and indirect E 15
searches, possible to look for B
disappearing tracks (OT) atLHC |  —7™>—1{ 77w
® Proposed displaced vertices (DV) 200 100 600 00 1000 1200

+MET search could cover most of
parameter space
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Limits reinterpreted from [Heisig et al. 2024]



