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The WIMP miracle
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The WIMP miracle
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The WIMP miracle
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The WIMP miracle
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The WIMP miracle
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- The WIMP miracle and the Flavour problem
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The WIMP miracle and the Flavour problem

"With great power comes with great responsibility and New Physics
with non-trivial flavour structure leads to unsuppressed FCNCs".
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New-physics flavour problem applied to freeze-out DM
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The WIMP miracle and the Flavour problem

Solutions? Use of flavour symmetries: Gg) ~ U(3)° — approximate symmetry broken by the Yukawas
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The WIMP miracle and the Flavour problem

Solutions? Use of flavour symmetries: Gg) ~ U(3)° — approximate symmetry broken by the Yukawas

Rules of the game:

1) Approximate symmetry of the SM U(2)°
U(2)u

<0.01: U(2),
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The WIMP miracle and the Flavour problem

SM

nae ~ U(3)°> — approximate symmetry broken by the Yukawas

Solutions? Use of flavour symmetries: G

Rules of the game:

. 5
1) Approximate symmetry of the SMU(2)” 5y promote Yukawa to spurion fields to formally restore the symmetry.
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The WIMP miracle and the Flavour problem

Solutions? Use of flavour symmetries: Gih, ~ U(3)> — approximate symmetry broken by the Yukawas

Rules of the game:
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https://arxiv.org/abs/2512.04159

The WIMP miracle and the Flavour problem

Use of flavour symmetries: Gga,. = Gsm X Gps X — UgavX
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The WIMP miracle and the Flavour problem

Use of flavour symmetries: Gaay = Gsum X G — U
Y flav. SM DS X flav X The Yukawas are the MFV spurions in the Standard Model

Minimal Flavour Violation (MFV): U@3); x UB)y x U(3)a x UB)e x U3)e Yy ~(34,34), Yi~ (34,34), Yo~ (34,3.),

D’'Ambrosio, Giudice, Isidori, Strumia '02

Batell, Pradler, Spannowsky '11

Lopez-Honorez, Merlo '13

Agrawal, Batell, Hooper, Lin '14
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The WIMP miracle and the Flavour problem

Use of flavour symmetries: Gaay = Gsum X G — U
Y flav. SM DS X flav X The Yukawas are the MFV spurions in the Standard Model

Minimal Flavour Violation (MFV): U@3); x UB)y x U(3)a x UB)e x U3)e Yy ~(34,34), Yi~ (34,34), Yo~ (34,3.),

D’'Ambrosio, Giudice, Isidori, Strumia '02

Batell, Pradler, Spannowsky '11

Lopez-Honorez, Merlo '13

Agrawal, Batell, Hooper, Lin '14

Dark MFV: MFV x U(3),

Agrawal, Blanke, Gemmler '14 U(B)X X U(B)d

Dirac: Blanke, Kast '17

Majorana: Acaroglu, Blanke '21

U®3), x U3).

Fermion: Chen, Huang,

Takhistov '15 U(S) < U(?))
X e
Scalar: Acaroglu, Agrawal,
Blanke '22

Lots of model building with a rich dark sector:
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The WIMP miracle and the Flavour problem

Use of flavour symmetries: Gaay = Gsum X G — U
Y flav. SM DS X flav X The Yukawas are the MFV spurions in the Standard Model

Minimal Flavour Violation (MFV): U@3); x UB)y x U(3)a x UB)e x U3)e Yy ~(34,34), Yi~ (34,34), Yo~ (34,3.),

D’'Ambrosio, Giudice, Isidori, Strumia '02

Batell, Pradler, Spannowsky '11

Flavour analyses mostly focused on the MFV scenario.
Lopez-Honorez, Merlo '13

Agrawal, Batell, Hooper, Lin '14 our work & this talk Greljo, Biondini,
XP, Valenti '26

Dark MFV: MEFV x U(S)X The goal of this work:

Agrawal, Blanke, Gemmler 14 U(3),, x U(3)q4 * Generalise previous works to smaller flavour groups.

e Show qualitatively the tlavour symmetric limits, and give a

Dirac: Blanke, Kast '17

Majorana: Acaroglu, Blanke '21

UB)y x UB)w quantitative answer to how close one must be to these limits,

with present and future bounds.
Fermion: Chen, Huang,

Takhistov 15 U3), x U(3), * Interplay Direct Detection and Flavour observables
Scalar: Acaroglu, Agrawal,
Blanke '22
Lots of model building with a rich dark sector: in this direction see also:

EFT analysis on third family WIMP Demetriou, Isidori, Piazza, Pinsard '25
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t-channel Dark Matter models and flavour violation

from Olgoso, Paradisi, Selimovi¢

Mediator | DM spin 5: x | DM spin 0: ¢
Spin %: \ YWV H feam oW

spin 0: ® fon x D oD H
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t-channel Dark Matter models and flavour violation

from Olgoso, Paradisi, Selimovi¢

Mediator | DM spin é: X | DM spin 0: ¢
Spin é: U - xVH \fSM oV Non-trivial flavour structure!
spin 0: ¢ fom x @ oD H

Dark matter: stable and dark

- stability with Z2 discrete symmetry
- Dark:

- ® same SM gauge charges as fsm: fermion DM — X

- ¥ same SM gauge charges as J/sM: scalar DM — ¢
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t-channel Dark Matter models and flavour violation

from Olgoso, Paradisi, Selimovi¢

Mediator | DM spin é: x | DM spin 0: ¢
Spin é: \ - x\VH Jsm oV Non-trivial flavour structure!
spin 0: ¢ fom x @ oD H

motivated by

Dark matter: stable and dark
® : SUSY-partner “stermion”

- stability with Za discrete symmetry X : Lightest Supersymmetric Particle

- Dark: _
o LDy femx P+ h.c.

A . a 1& \.‘{:

- ® same SM gauge charges as fsm: fermion DM — X
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- ¥ same SM gauge charges as JsM: scalar DM — ¢

Xavier Ponce Diaz | IDM 26 6


https://arxiv.org/abs/2507.17803

Two benchmarks: rank-1 flavour violation

Leptophilic Dark Matter: Quarkphilic Dark Matter:

LD —y; éR,z‘X(I) + h.c. LD —y; CjL,iX(I) + h.c..
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Two benchmarks: rank-1 flavour violation

Leptophilic Dark Matter: Quarkphilic Dark Matter:

LD —y; éR,z’X(I) + h.c. LD —y; ch,Z-XCP + h.c..
No CP-violation for leptons: can be removed by U(1) rotations

Y—=—\Ye Yu Yr
( ) this reduces the parameter

—Ye (COS ¢€,u S11 ‘97' S111 ¢e,u S11) 97‘ COS ‘97') space to a sphere octant
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Two benchmarks: rank-1 flavour violation

Leptophilic Dark Matter: Quarkphilic Dark Matter:

LD —y; éR,z’X(I) + h.c. LD —y; ch,Z-XCP + h.c..
No CP-violation for leptons: can be removed by U(1) rotations

Y—=—\Ye Yu Yr
( ) this reduces the parameter

—Ye (COS ¢€,u S11 ‘97' S111 ¢e,u S11) 97‘ COS ‘97') space to a sphere octant

“"Rank-1" flavour violation: at low scales the flavour

structure Is made by one vector Gherardi, Marzocca, Nardecchia, Romanino '19
Marzocca, Nardecchia, Stanzione, Toni '24
Y
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Two benchmarks: rank-1 flavour violation

Leptophilic Dark Matter: Quarkphilic Dark Matter:

LD —y; éR,z’X(I) + h.c. LD —y; qL,iX(I) + h.c..
No CP-violation for leptons: can be removed by U(1) rotations

Y—=—\Ye Yu Yr
( ) this reduces the parameter

—Ye (COS ¢€,u S11 ‘97' S111 ¢e,u S11) 07‘ COS ‘97') space to a sphere octant

For LH quarks, CP-violating phases cannot be removed

Y = (y(h ng qu)

=4 (Sin 0 cos pe**t  sinfsin g e*™?  cos «9)
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Two benchmarks: rank-1 flavour violation

Leptophilic Dark Matter: Quarkphilic Dark Matter:

LD —y; éR,z’X(I) + h.c. LD —y; qL,iX(I) + h.c..
No CP-violation for leptons: can be removed by U(1) rotations

Y—=—\Ye Yu Yr
( ) this reduces the parameter

—Ye (COS ¢€,u S11 ‘97' S111 ¢e,u S11) 07‘ COS ‘97') space to a sphere octant

For LH quarks, CP-violating phases cannot be removed

Y = (y(h ng qu)

=4 (Sin 0 cos pe**t  sinfsin g e*™?  cos «9)
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At | nergies: Y =Yg = vl Ly We cannot simultaneously align to a
OV ENEIIIES: — Jd CKM v specific generation for up- and down-quarks
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Two benchmarks: rank-1 flavour violation

Leptophilic Dark Matter: Quarkphilic Dark Matter:

LD —y; éR,z’X(I) + h.c. LD —y; qL,iX(I) + h.c..

No MFV spurions allowed in these frameworks but U(3)° > U(2)®

A, Vs A 5
= )%—(od b D s ammt

101 109

Y = Yq (Sin 6 cos ¢ge COS 6’ (aV b)

\:(Q)q V\ 2@ 1 /

With a and b order one parameters

sinfsinge
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Leptophilic Dark Matter:

-

\

LD —yier:xP + h.c.

~

_/

1. Relic Density

2. Collider Searches
3. Direct Detection

4. Flavour bounds

U)oU), ®U(1)
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Two benchmarks: rank-1 flavour violation

Quarkphilic Dark Matter:
LD —y; chﬂ-XCID + h.c..

1. Relic Density

2. Collider Searches
3. Direct Detection

4. Flavour bounds

U(2)q



My M, Leptophilic Dark Matter: production

Dirac Majorana
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v, - v, Leptophilic Dark Matter: production

ODM =
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Dirac Majorana
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Dirac

ODM

10_1;

T y 0.05
\y 0.1

- Thermal
Underproductlon
1072 ———

103

M, [GeV]

Majorana DM s-wave suppression,
velocity-suppressed p-wave
dominates. Coannihilations matter

more for Majorana!
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v, - v, Leptophilic Dark Matter: production

100?

3 / 0 05 M=
Thermal
Underproductlon
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10*
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PN = X <1
DM Mx <

Importance of coannihilation

channels
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y = 0.05
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Thermal
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v, - v, Leptophilic Dark Matter: production

Dirac Majorana

The mediator eventually will decay into y,
we need to keep track of is population

Thermal
Underproduction

1072+ ——

10

Majorana DM s-wave suppression,
velocity-suppressed p-wave
dominates. Coannihilations matter

more for Majorana!

Xavier Ponce Diaz | IDM 26

+ ()

o 1o

Mediator is charged under SM gauge

group — Irreducible diagrams with

gauge bosons can keep @ in

equilibrium.



Leptophilic Dark Matter: collider searches

Dirac Majorana

100?
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No difference between Dirac and Majorana scenarios.
Yukawa dependence in the BR, depending on the family
alignment one needs to interpolate on the different bounds.
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Leptophilic Dark Matter: collider searches

Dirac Majorana
100?
g 3
|2 .
= 2|
23 S < o
10714 5 10-14 2 /
%3 N S\
= g S \
8._34 OCI% \\\\ \\\ p ~
= = S ~0
§ A 3 &\\x \\ € -~ Xl
Thermal E.D; 0\ \\, -
Underproduction o dTherm(z;l o \\ S o
102 L=~ —- S S— . S _ [Underproduction | N S~ ~0
107 10 10 10 102 10° / X1
M, [GeV] M, [GeV] D
No difference between Dirac and Majorana scenarios. /
Yukawa dependence in the BR, depending on the family
alignment one needs to interpolate on the different bounds. ATLAS + CMS uncompressed SUSY spectrum, light sleptons

better tested than 3rd family.
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Leptophilic Dark Matter: collider searches

Dirac Majorana

100?

i
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No difference between Dirac and Majorana scenios.
Yukawa dependence in the BR, depending on theNamily
alignment one needs to interpolate on the different bounds:

Compressed searches CMS+ATLAS for light leptons

. . . , ., Stau-searches from LEP
Indirect FCC-ee constraints: Olgoso, Paradisi, Selimovié
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Leptophilic Dark Matter: Direct Detection

Dirac Majorana
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Leptophilic Dark Matter: Direct Detection

Dirac
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Leptophilic Dark Matter: Direct Detection

Dirac Majorana

100?
Iz =
1P a
3 S
g
’ 107!
Thermal
Underproduction
]_0_2...... \ . S . .
10° 102 107 10
M, [GeV] M, [GeV]
Lighter shades of red correspond to lighter fermions. Yukawas are fixed to reproduce the relic abundance at each point

Kopp, Michaels, Smirnov '14

(CTFC)T - _T > Y[y = —xI'y =0 Next important operator, the anapole, appears at dimension six.

oy _ %, _ %
CT’YMC — —(fy“)T, CTot (O = —(O"LW)T, Lot = % xCF‘“/ T beCa EFuy + AXYuvsX0" Fru
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Overview of LFV bounds

Dirac dpp > 1
B Dirac dpy = 0.05

Majorana dpy > 1
Majorana dpy = 0.05
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For LFV bounds see
Ferndndez-Martinez, Marcano, Naredo-Tuero
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Overview of LFV bounds

104 -
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102

Dirac dpp > 1

B Dirac 5DM = 0.05
Majorana dpy > 1
Majorana opy = 0.05

u— 3e T — 3e

For LFV bounds see
Ferndndez-Martinez, Marcano, Naredo-Tuero
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Overview of LFV bounds

Dirac dpp > 1 P

B Dirac dpy = 0.05 fL/R - -- ' fL/R
Majorana dpy > 1

Majorana dpy = 0.05
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Leptophilic Dark Matter: Dirac
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Leptophilic Dark Matter: Dirac

U(1)
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Leptophilic Dark Matter: Dirac

U(1); U(1)3
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Leptophilic Dark Matter: Majorana

U(1)3
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Two benchmarks: rank-1 flavour violation

Leptophilic Dark Matter: Quarkphilic Dark Matter:

LD —y; ERiXP + h.c.

1. Relic Density

2. Collider Searches Ask me later

3. Direct Detection

4. Flavour bounds 4. Flavour bounds

Ul U(1), ®U1), U(2),

Xavier Ponce Diaz | IDM 26 15



Quarkphilic Dark Matt T
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Quarkphilic Dark Matter

Majorana: no longer U(1) symmetric points!
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Quarkphilic Dark Matter

Majorana:
10

Thermal Underproduction

102 —
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TeV DM still allow in the U(2), symmetric limit! (Even with order-one CPI)
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no longer U(1) symmetric points!
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Conclusions

1. Generalise previous analysis to smaller groups:
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Conclusions

MEP
1. Generalise previous analysis to smaller groups: 2 > 1; @1y

3r > 2D 1y

Proving that there is a large landscape of symmetries that

could be used to protect DM fermion structure

2. We have explored qualitatively/quantitatively ditterent
flavour limits for two particular minimal benchmarks

U2)q®U(1).dU(1), ®U1)~

1
C@j ~ .

3. Interplay: Different flavour-symmetric limits can be

tested with Direct Detection — testing non-universality.

- tested in flavour . tested in direct detection

Xavier Ponce Diaz | IDM 26 17









s-channel vs t-channel

S-channel — linear extensions of the SM  deBlasetal. '17

k
n TS ’
x
N

The flavour structure is in the mediator, the Dark Matter field knows nothing about it.

3[sr1 —£H
et
i fo

Flavour structure of linear

extensions of the SM: e.g. Greljo, Palavri¢ '23
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In t-channel DM the flavour structure is directly related to the DM

oroduction
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https://arxiv.org/abs/1711.10391
https://arxiv.org/pdf/2305.08898

t-channel Dark Matter models and flavour violation

from Olgoso, Paradisi, Selimovi¢

Mediator | DM spin é: X | DM spin 0: ¢
Spin é: U - xVH \fSM oV Non-trivial flavour structure!
spin 0: ¢ fom x @ oD H

Use spurions for classification:

LD fsmyX +he. X =(x®) or X=(¥0)
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https://arxiv.org/abs/2507.17803

t-channel Dark Matter models and flavour violation

from Olgoso, Paradisi, Selimovi¢

Mediator | DM spin %: Y | DM spin 0: ¢
Spin %: U VW H feam oW Non-trivial flavour structure!
spin 0: @ Jom X P ¢ P H fsm — Uy fsm
Use spurions for classification: X\fsu| 3 Su 34 i 5
1 3q 3u 3d 36 36
L D fSM yX _I_ hC X — @ or X — qj gq E 8% 8q (3u7§q) (3d7§Q) (3575(1) (3€7§Q)
(X ) ( ¢) ( 3q 3q@6q (3u,3q) (3d73q) (3373(1) (36’3‘1)
b 3. |(35,3.)|1 @ 84| (34,3.) | (32,3.) | (3¢,3.)
Gaavowr = MFV 3. |(3.,3.) |30 @ 64| (34,34) | (30,34) | (3¢, 34)
X 5 UxX 3¢ | (34,3a)|(3u,3a) |1 & 8a|(3¢,34q) | (3c,3a)
The Yukawas are the MFV spurions in the Standard Model 3. |(34,34) | (34,34) |34 @ 64| (3¢,34) | (3e,34)
_ _ _ | 3 (303 |(3.,3) | (3,30 L © 8| (3,3)
Yo ~(34,30), Ya~(3,,34), Ye~(3¢,3c), L 3, | (34,30) | (3u,30) | (34,30) | 3. @ 6. | (3, 30)
3. (34,3¢) | (34,3¢) | (84,3:) | (36,3¢) |1 & 8.
Green entries: Yy ~ 1 yellow entries: ., ~ 1077 3. |(34,3) | (84,3 | (84,3.) | (30,3.) |3 @ 6.
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Leptophilic Dark Matter: collider searches

Collider searches for SUSY sleptons can be used:

- Main production channel of the “slepton” in LEP and LHC is EW Drell-Yann

LHC When the splitting between D and X

in our notation £ = ®, x =70 is large the decay is prompt — mild

Yukawa dependence.
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Collider searches for SUSY sleptons can be used:

- Main production channel of the “slepton” in LEP and LHC is EW Drell-Yann

350 1

LHC When the splitting between P and X
in our notation # = ®, y = {° is large the decay is prompt — mild |
/ Yukawa dependence.
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Leptophilic Dark Matter: collider searches
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- Main production channel of the “slepton” in LEP and LHC is EW Drell-Yann

LHC

in our notation ¢ = &, y = X}

Xavier Ponce Diaz | IDM 26

350 1

When the splitting between P and X

is large the decay is prompt — mild |

Yukawa dependence.

250
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Leptophilic Dark Matter: collider searches
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Loses sensitivity in the “compressed 466
SUSY" spectrum: soft leptons
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Collider searches for SUSY sleptons can be used:

- Main production channel of the “slepton” in LEP and LHC is EW Drell-Yann

LHC

in our notation £ =&, y = X}
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350 1

When the splitting between P and X

is large the decay is prompt — mild |

Yukawa dependence.

250 A

Initial State Radiation can be

used to generate a larger p;

and make the event

o |GeV]

“triggerable”.

S 150-

100 ~

50 -

RH slepton bounds — + compressed searches (95% CL)

Leptophilic Dark Matter: collider searches
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Collider searches for SUSY sleptons can be used:

- Main production channel of the “slepton” in LEP and LHC is EW Drell-Yann

LHC

in our notation £ =&, y = X}

('!'
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350 1

When the splitting between P and X

is large the decay is prompt — mild |

Yukawa dependence.

250 A

Initial State Radiation can be

used to generate a larger p;

= 200
»
and make the event 5
“triggerable”. =
= 150
100 -
t-channel also possible at LEP,
induces a Yukawa dependence,
only s-channel as a conservative 0

assumption.

RH slepton bounds — all searches (95% CL)

Leptophilic Dark Matter: collider searches
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SUSY searches in ATLAS: sleptons
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SUSY searches in ATLAS: sleptons
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SUSY searches in ATLAS: squarks

ATLAS Vs=8,13 TeV, 20.3-140 fb™ All limits at 95% CL
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Quarkphilic Dark Matter: collider searches

1000

Same type of diagrams: look for i ATLAS large Am  —+= §— ATLAS compr.
tops and bottoms or light jets —-- {— ATLAS compr. —— §— ATLAS
9004 === t— CMS compr. === ¢— CM>
th F— ATLAS large Am =~ 4 — ATLAS compr.
P I, 800
iy ” |
t’b, 4: : a 79
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A X1 " 700 1
p @
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S 600 -
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Also using ISR of jets for compressed SUSY searches
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Quarkphilic Dark Matter: Production
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Coannihilations kick-in earlier,
due to stronger contributions
from the squark-gluon channels

Thermal Underproduction

10°

M, [GeV]

27



Quarkphilic Dark Matter: Production

Majorana

Dirac
101?
100?
=
a
Lo
10_1?
Thermal UnderproducNon Thermal Underproduction
1072 — 1072 —
10° 10°
M, [GeV]
o 9 Coannihilations kick-in earlier,
g T ’ _5 ] 9 due to stronger contributions
|
5 | N X + (o00) from the squark-gluon channels
| '
% & 2 but
—————— —— — AT 77 The o4¢ contributions are also stronger
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Thermal Underproduction

Quarkphilic Dark Matter: Production

Dirac Majorana

Thermal UnNerproduction

1072 — — 1072 R
103 104 103
M, [GeV] M, [GeV]
top-quark effects important for lower m,
o q Coannihilations kick-in earlier, 3
) > — = — . 2 = 9aind =0
7 |T b _rr%rn\ due to stronger contributions Z TUrel (XX — ¢ij) = 2sin 90;”; Urel
| —
§: N X + (#0°) from the squark-gluon channels nI=t o . 9 0 .
; : 5 ' + 2 cos” 0 sin” 0 (UX; Urel + 0y Urel)
______ vt _ g The 64 contributions are also stronger 4 cos* § (072,01 + 02T 90y ) -
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Quarkphilic Dark Matter: Production

Dirac

Xavier Ponce Diaz | IDM 26
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Quarkphilic Dark Matter: Production

Dirac Majorana
10,
100?
=
A
Lo
10—1 J
Thermal Underproduction Thermal Underproduction
1072 B 108 10~ T
M, [GeV] M, [GeV]
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Quarkphilic Dark Matter: Production

Dirac Majorana
101?
100?
= 3
£ E
1014 ?
) Thermal Underprodugtion ) Thermal Underpyoduction N N
10~ - 10 . . S\ N
107 \ 10* 0’ 10*
M, [GeV] M, [GeV]

Mainly sbottom searches
Compressed searches below the thermal underproduction limit

U
d

benchmarks these stop and sbottom searches constrain differently.

* Note that we are working with g; = ( ) benchmark. For up & dj
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Leptophilic Dark Matter: Direct Detection

DM in the halo can collide with nuclei of the Luv = —Y; EriXP + h.c.
detector depositing some energy that is

detected as scintillation and/or electrons
1. Need to find relevant interactions

with quarks, gluons and photons

< D
£eff(X7 q, g, 7)
s
@
7;/
_ D

Xavier Ponce Diaz | IDM 26
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Leptophilic Dark Matter: Direct Detection

DM in the halo can collide with nuclei of the
detector depositing some energy that is
detected as scintillation and/or electrons

< D
2
®

?;/

_ >,

Xavier Ponce Diaz | IDM 26

Luv = —yierix® + h.c

1. Need to find relevant interactions
with quarks, gluons and photons

£eff(X7 q, g, 7)

»Ceff

2

Xo xEFu + 0 Xy x0" Fu,
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Leptophilic Dark Matter: Direct Detection

DM in the halo can collide with nuclei of the
detector depositing some energy that is
detected as scintillation and/or electrons

_ D
2
®

?;/

_ >,

Xavier Ponce Diaz | IDM 26

Luv = —yierixXP + h.c. Lo = 7XUWXFW + 0 xYx0" Fu,

1. Need to find relevant interactions ve
with quarks, gluons and photons

£eff(X7 q, g, 7) q

2. Interactions need to be matched to ther effective Lagrangian with nuclei

N) - 1 N) _ ¥ N) _ ¥
Leg(x, N)= > FORXNN + XNy, N + 375X Ny N +
N

=p,n
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Leptophilic Dark Matter: Direct Detection

DM in the halo can collide with nuclei of the Luv = —Y; éR,z’X(I) + h.c. Log = 7>_<O-'LWXF/U/ i X,YMXaVFMV
detector depositing some energy that is
detected as scintillation and/or electrons X
1. Need to find relevant interactions ~
with quarks, gluons and photons
_ D
—
£eff(X7 q, g9, 7) q
X
% | | o
® 2. Interactions need to be matched to ther effective Lagrangian with nuclei
N) _ _ N N) _ N
Lo, N)= > [SVNN + £ 00" NN + £33 15 xNyuys N + ..
_p n
_ >
3. Finally, since the DM halo is non-relativisticwe g 10-3
Ly~

compute in the non-relativistic effective theory my

Logt S‘ S‘CZO ZCO 'O, —|—(32 ) ¢* Oy + .

N=pmn 1
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Leptophilic Dark Matter: Direct Detection

DM in the halo can collide with nuclei of the £UV = —Y; éR,z’X(I) + h.c. Leﬂ" — 7>_<O-'LWXF/U/ i X,YMXaVFMV
detector depositing some energy that is
detected as scintillation and/or electrons X
1. Need to find relevant interactions %
with quarks, gluons and photons
_ >
—
£eff(X7 d, 9, 7) q
X
% | T
® 2. Interactions need to be matched to ther effective Lagrangian with nuclei
N) _ _ N N) _ N
Lo, N)= 3 fEINN + 730" X NN + £ 39 95 x NN + ..
_p n
< > Spin—independent: Spin—dependent:
3. Finally, since the DM halo is non-relativistic we gl b 10-3 YYNN — dm,my1l, 1y s XNy N — —16mymy Sy - Sy

compute in the non-relativistic effective theory my

Logt S‘ S‘CZO ZCO 'O, —|—(32 ) ¢* Oy + .

N=pmn 1

Xavier Ponce Diaz | IDM 26

Coherent interaction with the nuclei

OS] A2

Non-coherent scattering

osD NJ(J—I—l)
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Leptophilic Dark Matter: Direct Detection

Nuclear form factors

Dirac leptophilic DM direct detection: \ lbarra, Wild '15
do 1 M A 2 M?q ma Jg+1 2 My A 2 2 (A) (
iz~ 7 (7~ s ) IPo(Pe + g S R )] S5 () [P T

Xavier Ponce Diaz | IDM 26
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Leptophilic Dark Matter: Direct Detection

Nuclear form factors

Dirac leptophilic DM direct detection: \ lbarra, Wild '15
do 1 ma 2 ,LL2 ma Jag+1 m
5 A A 2 A [ (A2 2 (4) _
——— =« 45 o — Fsi(BRr)| + Faipole(ER)| + Fsi(bBr [ =—ez +
dER .- Er  2u2 v? Fs(Er)] T2 3J 4 Faipote(Er)] 2mv? (F) [Far(ER), 2M,,
102 5 Coupling to cg _ Coupling to ug _ Coupling to g
10* 5 = = 5 5
| £ £ o, =
@) o) o}
Sm 100 g radins : harge radis > harge radins 2 | |||S Very small dependence on
: 5 Bk .
I S = : =l the fermion mass
o 2 z s 3
o Er a % S
1071
1072 +—— ———t — N — : S —— —— I N : ———r — — — :
10t 102 103 10 10! 102 103 10* 10! 102 103 10
my, [GeV] my, [GeV] my, [GeV]
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Leptophilic Dark Matter: Direct Detection

Nuclear form factors

Dirac leptophilic DM direct detection: \ lbarra, Wild 15
do 1 m ,LL2 ma Ja+ 1 m
2 A 2 A A 2 A (A) 2 2 (A)
— =« 25— — Fsi(ERr)| + Faipole (ER)| + Fsi(ER N =—eZ +
dEr o Er  2u2 v? [ ( )] V2 3J 4 [ ipole )} 2 V2 (f ) [ ( )} 2M,,
Dependence on the recoil-energy.
102 Coupling to ep _ Coupling to ug _ Coupling to 7
10* 5 = = 5 5
1 : : : £t
2k : s g i I depend
1| 100'; charge radius ;T charge radius ;T charge radius ST E |||§ Very sMma epen ence on
= S : : =i the fermion mass
z 5 z 2 S
1071
1072 +—— ———t — N — : S —— —— I N : ———r — — — :
10! 102 103 10* 101 102 103 10 10 102 103 10*

my, [GeV] my, [GeV] my, [GeV]

One cannot directly extract bounds from 0sr1 for two reasons:

> R o< i dS1Gauss(S1|n) ® Poiss(n|v(ER)) ® do_
n dEn

* large isospin violation: photon dipoles only interact with protons

e |large dependence with recoil-energies

Xavier Ponce Diaz | IDM 26
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Leptophilic Dark Matter: Direct Detection

Majorana leptophilic DM direct detection:

T
Majorana particles fulfil X = X° YIx=x"Tx"=x (CTFC) X

['eff

X
2

& X' xEFu + by xyF x 0" Fu,

Xavier Ponce Diaz | IDM 26

(C'TC)" =-T — xTx = —xT'x = 0

CA"C =-(v")",

Clot O = —(JW)T,

3



Leptophilic Dark Matter: Direct Detection

1 _
Majorana leptophilic DM direct detection: (C’TFC') =—1'— xI'y=—xI'x=0
Majorana particles fulfil X = X YIx=x"Tx"=x (CTFC)TX OT,YMC = —(7/'“)T7 Ol (O = _(O-/LV)T,
o & _ 1 _ 1 Next important operator, the anapole,
£eff - 2 xCF'LW + bxxa F’uy + AXV“/%Xa F’uy appears at dimension six.
XY X O Fy = — quOS}; -y eQeOQ , 056; = (XY 5x)(@7"q),
q=u,d,s l=e,u,T

Xavier Ponce Diaz | IDM 26



Leptophilic Dark Matter: Direct Detection

1 _ _
Majorana leptophilic DM direct detection: (C’TFC') =—1'— xI'y=—xI'x=0
Majorana particles fulfil X = X YIx=x"Tx"=x (C’TFC’)TX OT,YMC = —(7/'“)T7 Ol (O = _(O-/LV)T,
L My _ 1 _ 1 Next important operator, the anapole,
£eff 2 >x<F'LW + bxxa F’uy + AXV“/%Xa F’uy appears at dimension six.
XY X O Fy = — quOS}; -y eQeOQ , 056; = (XY 5x)(@7"q),
q=u,d,s l=e,u,T
dO_anapole i 2 B i J 1 2E 2
XN 2 2 2 My R 2 12 2 + RMy
= 4daem A Z° | F7(E 2 — | 1 — 4A°d% | Fs(E
dE R CemA [ 4 R)] N ( mx> V2 +44 A[ ( R)] ( 3.J ) U2

_?
: : : : / Kopp, Michaels, Smirnov '14
difterent scaling with recoil energy

coming from the matching to the NR effective theory

Xavier Ponce Diaz | IDM 26
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Leptophilic Dark Matter: Direct Detection

Dirac Majorana
109 -
1% &
= z 1=
< s < s
10—1 ” CI’J: “ \I 10_1'_ &
k _
: ‘| . '
S | |
= ! |
= I I
n ' "
Thermal . ll I e
10_2 __—A\j/[ﬁderprloducmonl | - '| B " 10_2 [U]E1derlproldulctilon | | | N 3 | |
10 103 10 102 103 10*
M, [GeV] M, [GeV]
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Leptophilic Dark Matter: Direct Detection

Dirac

1
H
15
{0z
¢}
1P
Q
S
1E
o
@
=
n

103
M, [GeV]

Lighter shades of red correspond to lighter fermions.

Xavier Ponce Diaz | IDM 26

ODM

Majorana

10_1?

Thermal
Underproduction

102 - ~ e o
102 103 104

Yukawas are fixed to reproduce the relic abundance at each point

32



Leptophilic Dark Matter: Direct Detection

Dirac Majorana

100?

b =
= bQQ
% 10—1?
I dThermcelxl
—p [Jnderproduction N U —
10° 0 10 10°% 10
M, [GeV] M, [GeV]

Lighter shades of red correspond to lighter fermions. Yukawas are fixed to reproduce the relic abundance at each point
Almost no dependence on the fermion mass for Anapole loop function is very dependent on the
the Dirac case, dipole is almost no-sensitive. lepton mass, also larger in the degenerate limit.

Xavier Ponce Diaz | IDM 26 32



Leptophilic Dark Matter: Direct Detection

Dirac Majorana

100?

b =
= bQQ
% 10—1?
I dThermcelxl
—p [Jnderproduction N U —
10° 0 10 10°% 10
M, [GeV] M, [GeV]

Lighter shades of red correspond to lighter fermions. Yukawas are fixed to reproduce the relic abundance at each point
Almost no dependence on the fermion mass for Anapole loop function is very dependent on the
the Dirac case, dipole is almost no-sensitive. lepton mass, also larger in the degenerate limit.

Anapol er than dipoles i L
napoles are weaker than dipoles in general: — ~ — ~
P P J My My dE g dE R m2

X

Xavier Ponce Diaz | IDM 26 32



Dirac:

Xavier Ponce Diaz | IDM 26

102 5

10"

172+
10!

LD (

_|_

Coupling to (ur,dr)

)

XV XN N + 0 Xyux 0, F* + —xopvx F* +

2

Coupling to (cp, sp)

XxNN

Coupling to (tr,br)

tree-level scattering

charge radius

magn. dipole moment

gluon scattering

_ gluon scattering

7, exchange

juowowt ojodIp -ugdeuwr

my, [GeV]

w0

o

I T T R T

my, [GeV]

ot

0

my, [GeV]

0

o

Quarkphilic Dark Matter: Direct Detection

plots adapted from

lbarra, Wild '15
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Quarkphilic Dark Matter: Direct Detection

Dirac:

LO0  + )XW NN+ xyux0, F* + —-Xouvx F* + /. XxNN

102 Coupling to (ur,dr) Coupling to (cr, sr) Coupling to (tr,br)
=
@
10! - £ _
| = s |
3 2 Blg
RS ; 7, exchange a L2
: < |
I 100_E tree-level scattering tree-level scattering % o | -
= [ < |S
= i = 5|l
o % L=
107 ] luon scatterin B
| ¢ : plots adapted from
10_2' - e R lbarra, Wild '15
10 10 10° 10 10 10 10° 10* 10 10 10° 10*

my, [GeV] my, [GeV] my, [GeV]
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Quarkphilic Dark Matter: Direct Detection

Majorana:

X

Higgs contribution can be important

_ _ _ NN — '
L D X’V/LDVXQV'UJDVQ + XVMV5Q’7MV5Q i ( i fé ]})XXNN for top—couplmggt large masses
9 X X
) - -
First contribution to the spin E— q q
independent appears at dimension-8
Dimension-6 spin-dependent \ h g
contribution ki \ 1' N

Xavier Ponce Diaz | IDM 26



Quarkphilic Dark M

Dirac

100?
=
A
Lo
10_1?
Thermal Underproduction
1072 — - . . ——
10° 10
M, [GeV]

Xavier Ponce Diaz | IDM 26

atter: Direct Detection

Majorana

Thermal Underproduction

103
M, [GeV]
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) Thermal Underproduction
10 —

Dirac

Quarkphilic

103

Xavier Ponce Diaz | IDM 26

M, [GeV]

104

102

Dark Matter: Direct Detection

Majorana

Thermal Underproduction

108

M, [GeV]
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Dirac

10 1 _____________

0?
= =
o)
S g
@
o
;’D; ‘\
1071 7
Thermal Underproduction
10 24—

103

For first family, tree-level exchange is
completely ruled out in the Dirac case

Xavier Ponce Diaz | IDM 26

102

Quarkphilic Dark Matter: Direct Detection

Majorana

Thermal Underproduction

108

M, [GeV]
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Quarkphilic Dark Matter: Direct Detection

Dirac Majorana
101 S
a % |
S = |
1071 ;|
) Thermal Underproduction ) Thermal Underproduction
10~ — 10~ —
10° 10°
M, [GAV] M, |GeV]

For first family, tree-level exchange is

completely ruled out in the Dirac case Higgs diagram, relevant most
relevant for the top coupling

Xavier Ponce Diaz | IDM 26



Dirac

0?
= =
o)
S g
@
o
;’D; ‘\
1071 =
Thermal Underproduction
102

103

For first family, tree-level exchange is
completely ruled out in the Dirac case

Xavier Ponce Diaz | IDM 26

Quarkphilic Dark Matter: Direct Detection

Majorana

Thermal Underproduction

108

102

Tree-level exchange is enhanced for small

splittings.The S| cross-section constrains

smaller splittings. At larger splittings, SD Higgs diagram, relevant most

. relevant for the top couplin
cross-section sets the strongest bounds. P ping
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Leptophilic Dark Matter: Flavour Bounds

Present and future of the “most important” flavour observable:

=
1 07 B e European gtrateg9
=X =
S
1 05 n
Z
-
1000

10F

from Physics Briefing book 25

Xavier Ponce Diaz | IDM 26
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Present and future of the “most important” flavour observable:

TeV

| b — sy

1000}

10 |

4" f A
1 0 European Strateg)

~
~
+
=
T
+
=<

. Bs,d — 1

7
_

from Physics Briefing book 25

Xavier Ponce Diaz | IDM 26

Leptophilic Dark Matter: Flavour Bounds

Big landscape of present and future experiments

in the sector of Lepton observables.

Observable Present Future

BR(u — ey) 4.2 x 10713 MEG 6 x 10~ 14 Meg-II

BR(u — 3e) 10~ SINDRUM 10~ 16 Mu3e

CR(uN — eN) | 7x 10713 SINDRUM IT | 10719 — 10717 COMET /Mu2e
BR(7 — uv) 4.8 x 10~ Belle 1072 FCC-ee

BR(T — ev)] 3.3 x 107% Belle(LHCD) 9 x 1079 Belle-II

BR(7 — 3pu) 2.1 x 107% belle-II 2 x 10711 FCC-ee

de [e - cm] 5 x 1073 HfF+ 10731 — 10732 Several Exp.
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Leptophilic Dark Matter: Observables

|e ton bOUﬂdS A TeV Marcano, Naredo-Tuero
Most important LFV observables y < vgyy, P N ( 10° )

we must match into the Low-energy EFT

3-body decays: /; — Ejékfk

- Nemy, VRR|2 VLR|2 VRL|2
BR({; — £ilily,) = 3(167)°T, {8|(J R [CA T O
25662 m% .19 9
log —* =3 (|CI* + |C ")
200 (1o 28— (4 + e
| ~ bde Re {CVLRCji* n (CVRR n CVRL)C@} |
N.=1/2, j=k my, i v

Radiative-decays: ¢; — ;7 p — e conversion:

2

m,
= — + L < R

r,_.. — |ép AVP
m?icguv2 M 4 VR Au

87‘(’ng <‘[C6B]ji

€% g = 4(1 = 82)[Certl e

Xavier Ponce Diaz | IDM 26 37
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H
/R : * S
f/H
rV;Hf‘<f/H
@ - \\\
! « X 4 !

Xavier Ponce Diaz | IDM 26

Leptophilic Dark Matter

e Four-fermion operators: Lypr D [Cee]ij]gl ey ejeryuel

1 1

[Cee]i'kl — __y%y*ykyl*F(wq))
J 6472 M2 277/

* Dipole operators: Lgpr O [Cenl;; liH oy e;B*”

Needs to pick up a Yukawa insertion from the SM

/

~ 384m2 M2

[Ckfﬂ@j yZYQn(?Cﬁ¢),

f

Yx : hypercharges

* Penguin-like diagrams: ~ égy,erd, B"* = égvy.er (Z VefAy'f + yHHTD“H)

3

/2

3
Crelii = —|Crelijri = 3|Cqelijrui = Z[Ceu]z’jkl = _§[Ced]ijkl =

HT6m2 Mg

9 yzy;H(:E@)

38



Leptophilic Dark Matter

1 Lo, g” . . M3 Different | functi
Ceeliji = G122 | o YYi Y Far o () + =5 09kl + ayjur) H(:vcp)] Top = E’% ) erent loop Tunctions
__ 9 \ F H
[CGB]ij — 3847T2M(% Vi Yii G(Ta), J M,D(wcb), G(ch), (fq))
1 4 2 9" « Boxes Dipoles Penguins
Crelij = —[Crelijr = §[qu]z’jkl = g[ceu]ijkl = _g[ced]ijkl = T 576m2 M2 yiy; H(zs)
10°-
i KSE . . .
) Most important difference: suppression of box
diagrams for Majorana DM in the degenerate limit.
L
2
(2@
Elo—l_
S X
> 7 > L
I | T I |
I I@ - § I |
I X Y
——(——=<¢€ <
10775 R
10 10 Altmanshofer et al. '12
Tp — Mi/Mc%

Xavier Ponce Diaz | IDM 26
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Quarkphilic Dark Matter: Flavour Bounds

Present and future of the “most important” flavour observable:

=
1 07 B e European gtrateg9
=X =
S
1 05 n
Z
-
1000

10F

from Physics Briefing book 25

Xavier Ponce Diaz | IDM 26
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Quarkphilic Dark Matter: Flavour Bounds

Also a big landscape of experiments:
Present and future of the “most important” flavour observable:

b-hadrons in detector acceptance

3 L ' T L S — E———
| ( \ gl
e 10°F European Strategy - 5 +/_B e
g E for Particle Physics BS/BS E
NS) I~ B - Ab/Kb
= =10 Future? _5
7L [ \ ; :
10 e European Strateg) i i
v = S 10%E
S -(':
o) e -
g < 103 F
0 b -
g £ @ >
a4 7 é 10
10* 3
LHCb Belle || LCF LEP3 FCC-ee
(300 fb1) (50 ab- 1) (2 10° 20 (141012200 (6 10'% 20)
from Physics Briefing book 25 *CMS also doing good in

flavour physics, CMS '22

Xavier Ponce Diaz | IDM 26 40
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Quarkphilic Dark Matter: Flavour Bounds

Present and future of the “most important” flavour observable:

7L f \
1 0 K European Strateg)
W

9
g £ @
i<l T

10°

TeV

1000

10

from Physics Briefing book 25

Xavier Ponce Diaz | IDM 26

*CMS also doing good in
flavour physics, CMS '22

Number of b-hadrons in 107 units

Also a big landscape of experiments:

b-hadrons in detector acceptance

1 ' I — T T T ]
[ { \ Bi/Ba ]
10° 3 European Strategy . 5 +/_B ) 3
- for Particle Physics BS/BS E
105:_ el A /A,
Future?
10% 3
103 3
102 3
101 3 I
LHCb Belle || LCF LEP3 FCC-ee
(300 fb_l) (50 ab_l) (2 10° ZO) (1.4 1012 ZO) (6 1012 ZO)

Currently some of the strongest flavour observables are
theory-error dominated: e.g. QCD/lattice errors, CKM
determination ...

Developments on the theory side could make future bounds

even larger.
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Quarkphilic Dark Matter

Analogously to the lepton sector, quark flavour observables are dominated by boxes and dipole operators

Lirr = [Caqlijin 67" G W@ + [Caguyp,; GHowd;i B + [Cawyw ] ; GH ot d; W + [Cawc]; GH o T d; G

Meson mixing: T
AMy, €x, AMpg
o
fL)jp ——-------- fL/R
X X
_ d _
foypp — -~ fL/Rr

Xavier Ponce Diaz | IDM 26
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Quarkphilic Dark Matter

Analogously to the lepton sector, quark flavour observables are dominated by boxes and dipole operators

Lirr = [Caqlijin 67" G W@ + [Caguyp,; GHowd;i B + [Cawyw ] ; GH ot d; W + [Cawc]; GH o T d; G

Meson mixing: T
AMy, €, AMy b i/ﬁ/ - Dipoles:
Jo/jp ——-------- fr/R :
X X (Ii///’ \\\\\ iH b — sy
/ | _
fi/m R fr/m IR ' . \ — JL

Xavier Ponce Diaz | IDM 26

41



Quarkphilic Dark Matter

Analogously to the lepton sector, quark flavour observables are dominated by boxes and dipole operators

Lirr = [Caqlijin 67" G W@ + [Caguyp,; GHowd;i B + [Cawyw ] ; GH ot d; W + [Cawc]; GH o T d; G

Meson mixing: T
AM;, €., AM
R O Vi - Dipoles:
fojg ——-------- fr/r |
d -5~ |
X X 7/ N : H b — sy
o ! X | ! »
— — [ |
foyp———-------- fr/r IR Jr
f/H
v, . Leptonic decays:
I/ B; g = pp, Ky, = pp
o - @
; ;X / 0799, B™", 4,.q0, W"" > O, Oge, 08,7,

Xavier Ponce Diaz | IDM 26



Quarkphilic Dark Matter: Observables

Meson mixing:

Buras, Stangl ‘24 Important: CKM-element is determined using meson mixing

SM prediction very dependent on lattice and CKM inputs

1-5 i 1T 1T 1 | 1T T 1 | T T 1 | 1T T 1 | 1T 1T 1 | 1T T 1 ]
SM NP o ]
T Im M2 Ampg ~2|M T M ) Y i
e — e'?¢ sin ¢ - £ q 12 12 1.0 |
O, = arg | M7, % + My, 4 ‘@ :
M NP q 12 12 0.5 : B
- /@\\ :
, = oo M . /1 e — a
Options: - o i i
. . il ‘Vub‘ a A
1. Tree-level CKM determination PDG 5[ 4
2. Simultaneous fit CKM+BSM  UTFit Flavio |
-1.0 B €k 4
Y ' ]
_1.5 i I I | | I | | I I | I I | I I | | I I | ]
1.0  -05 0.0 0.5 1.0 1.5 2.0
p

Xavier Ponce Diaz | IDM 26
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https://pdg.lbl.gov/2024/reviews/rpp2024-rev-ckm-matrix.pdf
https://flav-io.github.io/
https://arxiv.org/pdf/2412.14254

Meson mixing:

SM prediction very dependent on lattice and CKM inputs

Quarkphilic Dark Matter: Observables

Buras, Stangl '24

. Im M
€ = % singbe(m 2 f)

AmK

Ampg ~ 2Re(M>M + MYF)

Leptonic meson decays:

BR(B; — pupu™)

Acfo,z’

BR(B; — ptp)sm

A2 2

AClO - 62)\153 A2

Xavier Ponce Diaz | IDM 26

1 1 3 3
(Coe = Cly) + Clpy+ Cp) = €1

Important: CKM-element is determined using meson mixing

1-5|||I|IIII||I|||IIII|IIII|II||

|~ | excluded area has CL > 0.95 |

M NP
Amp, ~ 2 ‘MEQ 4 NNPa

12

_ Y
g = arg (M 2+ MlNzP’q) '@

0.5

L1 ]

L1 1

Illll

R A@\\
, = oo M . /1 e — a
Options: - o i i
. . i} ‘Vub‘ o ;
1. Tree-level CKM determination PDG 5[ 4
2. Simultaneous fit CKM+BSM  UTFit Flavio |
-1.0 B €k 4
Y ' ]
_1.5 B I I | | | I I | I I | | I I | L 11 | | | I I ]
10  -05 0.0 0.5 1.0 1.5
p

2.0
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Meson mixing:

SM prediction very dependent on lattice and CKM inputs

Buras, Stangl '24

. Im M
€ = % singbe(m 2 f)

AmK

Ampg ~ 2Re(M>M + MYF)

Leptonic meson decays:

BR(B; — pupu™)

BR(B; — ptp)sm

1-5 _I 1T 1 | 1T T 1 | T T 1 | 1T T 1 | 1T 1T 1 | T 1 I_
N SM,q NP,q i o ]
O 5 Amg.& Amg
_ SM,q NP,q 1@ i i
Pq = arg (M12 + My, ) 05 D ; b
X /@\\ :
, = 0.0 /$ i e 3
Options: - | i
. o i ‘Vub‘ o g
1. Tree-level CKM determination PDG 5[ 4
, 2. Simultaneous fit CKM+BSM UTFit Flavio |
z 0 K
AClO,i - Y ]
CSM _1.5 _I I | | I I i I I | L1 1 1 | | I I | | | | I—
10 . 1.0 -0.5 0.0 0.5 1.0 1.5
1 n 1 I —_
"W, ~ (lo'y,¢ + H' D, H) x.\‘k.\,\ p

1- 1
O'B,, = (—56%6 — eve+ §HTD,,H>

A2 2 \

AClO - 62)\153 A2

Xavier Ponce Diaz | IDM 26

1 1 3 3
(Coe = Cly) + Clpy+ Cp) = €1

Quarkphilic Dark Matter: Observables

Important: CKM-element is determined using meson mixing

No leptonic meson decays!

Similar to Davighi, Stefanek '23

2.0
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Quarkphilic Dark Matter: Flavour Observables

10° -

10° -

102 -

FEach observable is most
sensitive to different
parts of the couplings:

Xavier Ponce Diaz | IDM 26

Dirac oppy > 1

B Dirac opy = 0.05

Majorana dpy > 1
Majorana opy = 0.05

Both dpy > 1

B Both dpy = 0.05 6
. - 10
[ Project. dpyv > 1 :
rL-___-_-: Project. 5DM = 0.05
_ - 10°
_______ : >
| D)
H — O,
| * e~
H """ | E
| H ______ S
| 205
| =

AmK AmD

Re(y:y; yxyr )

Ade AmB

b — sv dn

S

Vi YRyl Im (ys 5 yryi )
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Quarkphilic Dark Matter: Flavour Observables

109 E

10° -

102 -

FEach observable is most
sensitive to different
parts of the couplings:

Xavier Ponce Diaz | IDM 26

Dirac oppy > 1

B Dirac opy = 0.05

Majorana dpy > 1
Majorana opy = 0.05

Both dpy > 1
B Both dpy = 0.05
[ Project. dpyv > 1

—————

LI Project. 5DM = 0.05

AmK AmD

Re(y:y: yry])

Ade AmB

S

Yy YY) |

CP-violating

phases way over

the region for

freeze-out

Im (ysy; yry;)

b— s

dn

2 109

- 10°

- 104

Mcp/\ /yzy; [GGV]
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Quarkphilic Dark Matter: Flavour Observables

Dirac opy > 1 Both dpy > 1
B Dirac 5DM = 0.05 B Both 5DM = 0.05
106 4 i . L 1 6
Majorana dpy > 1 1 Project. dpym > 1 CP V|o|at|ng : 0
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Unlike for leptons, dipoles not important.
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orders of magnitude
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Quarkphilic Dark Matter

Dirac: no longer U(1) symmetric points!
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Quarkphilic Dark Matter

Dirac: no longer U(1) symmetric points!
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Not too bad :)

Fitting BSM + CKM
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Indirect detection
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