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Why Flavoured Dark Matter?

® Simple weakly interacting massive particle (WIMP) models under severe
pressure

— Assume Dark Matter (DM) is charged under non-trivial flavour symmetry

® New source of flavour and CP violation — different phenomenology

® More degrees of DARK MATTER CANDIDATES:
meV meV/ eV KeVMeVGeVTev  10%ks ng Mg mg g Kg TN I0°%s 0%k 10%kg 10%%s  10™%g
freedoméopens M B PR PR T P PR T BPETT BPER EET EEE B EPEP R R BT AP B PR P BN BT BT R P
WW,RULEDO()TW..—-]
I N |
up parameter space [ o F T e B Taess sm!E— Gé?mmﬁz Tfmmm%u
NEUTRINOS |  NEVTRAUNGS NO-SEE-UMS COMS LENSING | LENSING | ASTRONOMERS
CTRONS PAl OBEUSKS, NEUTRON ~ S0LAR SYSTEM
UFTHELSEH\CE mm@ 8-BALLS MONOLITHS, ave | STAR DATR  STABILITY
PYRAIDS MAYBE THOSE ORBIT LINES IN SPACE
DIAGRAMS ARE REAL AND VERY HEAVY
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Dark Minimal Flavour Violation

® Dark Minimal Flavour Violation (DMFV) framework: Extend SM by new flavour
symmetry and new fields (DM flavour triplet y; and mediator ¢)

® Dirac DMFV models have been studied for DM coupling to
> right-handed down-type quarks
> right-handed up-type quarks
> left-handed quarks

® Here: Consider flavoured Majorana DM which couples to right-handed up-
type quarks via a scalar mediator
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Flavoured Majorana DM

® New physics contribution with flavour and CP violating interaction: 1

OCZNP:)E(Z)?,a)(—M%)?)()—(/ll]ﬁRl)(J¢+hC) - > -+
+(D, )" (D*$p) — mzp" ¢ N

® Mass matrix cannot be generic - expand mass matrix in powers of A:

- | ¥ T Diagonalize D 1
M)( =m, (1 + 5(/1 A+ A ﬂ*)) —_— M)( = dlag(m)(l, m, , m%)

with m, >m, > mn, and my > m,
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Previous Analysis

® Phenomenology studied in Acaroglu,

Blanke R L
e Collider: Relevant signatures tops + £ / Xj
and jets + K, Majorana-specific same- -
| J | J p ar / > ¢
sign signature 1t + E
. e e 0 ~0 (v < <
® Flavour Physics: Limits from D¥ — D | ANE |
mixing, additional crossed diagram oL 6 | { &
extends allowed parameter space Xi |
C > >
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Previous Analysis

, , o X3 X3
® Direct detection: Limits from
spin-dependent and spin- 5
independent WIMP-nucleon @~ —— o
scattering
q q
Xi

® CP violation in charm decays: ¢ S >
Model is able to explain large  ~— ——» ¢\ - /g
measured value of CP asymmetry u

AAgiIf = Acp(D — KTK™) — Acp(D — )
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Cosmological Constraints

® Freeze-out mechanism: solve Boltzmann
equation for Y =n/sand x =m, /T

dY 1 ds

<0)()(V>(Y2 - Yezq)

dx  3H dx \
Expansion of Number-changing
Universe Interactions

® Three regions for 'y, =n(o,,v):

o [ > H:DM in thermal equilibrium

o |~ H:Freeze-out

e [ < H:Constant abundance Y
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Cosmological Constraints

® Two benchmark freeze-out scenarios: Xj q

® Quasi-Degenerate Freeze-Out (QDF):
mass splitting below 1% oY

® Single-Flavour Freeze-Out (SFF):
mass splitting above 10% Xi qr

® ¢ does not contribute to freeze-out

® Low-velocity expansion (gy) = a + b(v?)
with (v?) = 6T:/m, ~ 0.3

e Compare to (ov) ~ 2.2 - 107*°cm?/s s T dr
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Combined Analysis

QDF Scenario, m, = 350 GeV
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SFF Scenario, m, = 350 GeV
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At3]

— DM mostly top-flavoured with larger coupling,
flavour and relic abundance constraints dominant
RWTH Siegen 2023
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Freeze-Out with Coannihilations

® Include coannihilations of all y; and ¢
® All particles decay into lightest — abundance can be described with n = Zini

® Assuming efficient conversion rates — dark sector in thermal equilibrium
eq
o 1 L
— R — approximation
n n*

e One Boltzmann equation (BME) for Y = n/s and x = mXS/T:

dY 1 ds nid
= V) (Y% — Yezq) where (CefV) = Z (6;V;; B—
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Freeze-Out with Coannihilations

’ Example: DM abundance
m)(ZSOOGeV,mqb2816GeV, S IR
0 0 19-10"'

A=1 0 05 0
055 0 0

v

® Approximation

- Eqg. abundance |

m, =969 GeV, m, =940 GeV, : S
M — 800 GeV 10-15: “\ :
X3 , “ %
® Can be solved by micrOMEGAs : Preliminary .
(code tor calculation of DM 1 5 10 0 100 o0 1000
. X = mD|\/|/T
properties)
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Conversion Driven Freeze-Out

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

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

dY 1 ds | yed I yed
Ai _ _ eqvyeqy | )(l_>)(J _ Ai _ eqyeq ¢_))(i _ ¢
— = dx(<"mj">(Yinj VY (Y% Y%—Y)Zq)+(a¢%v)(Y%Y¢ Yy ——= (Y¢ Y, e

dY 1 ds{ 1 I Y1

% S 2 eqy2 eqye P=x; ¢

— = — (o, VY(Ys — (Y’H) + (o, v)(Y, Y, — Y 1Y 9) Y, —Y
dx 3de(2< e >(¢ (qb)) <¢)(i >( Xi~ @ i qb) g ( ¢ )(iY)?iq
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Conversion Driven Freeze-Out

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

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

dY, 1 J r,_. yea r yed
Xi _ yedyedyy _ATH _y A _ yeayeqy__ 94 _y ¢
= dx((amjv)(YiY%j ey (Y% Y, qu)+(0mv)(Y%Y¢ Frayse)——= (Y¢ iy

dY 1 ds {1 [ Y
% S 2 eqy2 eqyse P—=x; ¢
— = —(o, VI(Y?— (YD) + (6, VNV Y, — Y IV D+ Y, - Y
dx 3de(2< e >(§b (gb)) <¢)(i >( Xi~ @ i gb) g ¢ )(iY)Z(]
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

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

dY, 1 dJs r . yed I yed
Xi _ yedyedyy LA _y A _ yeayeqy__ P77 _y ¢
= dx((aw(jv)(YiY%j VY (Y% Y, Y)Zq>+(a¢%v)(Y%Y¢ Yy —— (Y¢ Y%Y;Zq
dY 1 ds{ 1 [ YA
% S 2 eqy2 eqye P=xi ¢
— = — (o, v)(Y; — (Y34 o, V(Y Y, — Y Y:9) Y, —Y
dx 3de(2< e >(¢ (qﬁ)) <¢)(i >( Xi~ @ i ¢) g ( ¢ )(iY)?iq
All conversions including decays
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Conversion Driven Freeze-Out

® Using same parameter values, DM abundance
relic abundance is enhanced ' SR
significantly as y; « ¢
conversions become inefficient

® Approximation

® Conversion driven

1075 - - Eq. abundance ]

® Requires very small couplings

Ay=19-1077

Ybm
[

® Cannot be solved by T TR e _.
MmicrOMEGAs out of the box

10—15 L

Preliminary

® Studied in Garny et al. _
fOr one generatiOn ){ 1 5 10 o 5|o| h |1c|)o o |5(|)o| | |1|o|oo
with conversions y < @
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Preliminary

Parameter Scans

XY» < )5 conversions inefficient, ¢ < y, conversions inefficient,
X3 couples to up X3 couples to up
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Obtaining the Correct Relic Abundance ™™™

Full solution
Approximation
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Obtaining the Correct Relic Abundance ™™™

Full solution
Approximation
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Obtaining the Correct Relic Abundance ™™™

Full solution
Approximation
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Obtaining the Correct Relic Abundance ™™™

Full solution
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Summary and Outlook

® Flavoured DM models have rich phenomenology

® Combined analysis of QDF and SFF scenario generally compatible with
larger DM coupling to tops

® Considering coannihilations and conversion driven freeze-out opens up
parameter space

— very small couplings and up-flavoured DM also allowed

® Qutlook: New signatures at LHC
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Summary and Outlook

® Flavoured DM models have rich phenomenology

® Combined analysis of QDF and SFF scenario generally compatible with
larger DM coupling to tops

® Considering coannihilations and conversion driven freeze-out opens up
parameter space

— very small couplings and up-flavoured DM also allowed

® Qutlook: New signatures at LHC

Thank you!
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Combined Analysis

Allowed Masses in the SFF Scenario
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® Upper bound on m,, in SFF

3
scenario because of large

mass splitting vs. small
couplings

X

M, =m, (1 + g(m + ﬂU*))

e Lower bound on m,, in SFF

and QDF scenario due to
upper limit on couplings
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Conversions

® Examples for conversions y; <> y; and y; < ¢

Institute for
Theoretical
Particle Physics
and Cosmology

RWTH

X qdi

v

dk Xj

Siegen 2023

Xi ¢

Flavoured Majorana Dark Matter - L. Rathmann 21



Sommerfeld Enhancement & Bound State Effects

® Sommerfeld enhancement and Garny, Heisig [2112.01499]

bound state effects for T T,

: : 10720} m,=1TeV, Am=20GeV
Majorana singlet y and scalar | -
mediator 10721}

@ |
‘£ 1074
o
3 1023
> ;
) :

10'24 3

1025 |

1 10 100 1000 104 105 106
X
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Experiments used for analysis

e | HC: ATLAS and CMS

® Flavour Physics: LHCb

® Direct detection: Limits from spin-dependent scattering from PICO-60 and

spin-independent scattering from XENON1T

® CP violation in charm decays: LHCb
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