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= GeV-scale dark matter
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Strong bounds from direct detection for DM above the GeV scale
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Sub-GeV direct detection
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Sub-GeV direct detection
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Existing constraints on sub-GeV DM

Leading "model-independent” bounds from cosmology

« DM-baryon interactions modify matter power spectrum

suppress structure on smaller scales - probed by Lyman-a, CMB, MW satellites

Buen-Abad el. al. (2021)
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Existing constraints on sub-GeV DM

Leading “model-independent” bounds from cosmology

« DM-baryon interactions modify matter power spectrum

suppress structure on smaller scales - probed by Lyman-a, CMB, MW satellites
Rogers, Dvorkin, Peiris (2021)
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Existing constraints on sub-GeV DM

Expect many additional constraints in complete models:

Rogers, Dvorkin, Peiris (2021)

« BBN/CMB — —24

« Rare meson decays = 25
« Stellar/SN cooling

 Fifth force
—27

« Accelerators/beam dumps
—28
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Light scalar mediator example Knapen, Lin, Zurek (2018)
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Strong bounds on hadronically-interacting scalar mediators from stars and SN1987A
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Light scalar mediator example Knapen, Lin, Zurek (2018)
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Light pseudo-scalar mediator example Gori et.al. (2025)

Similarly, spin-dependent scattering via a light pseudoscalar mediator:
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This work: massive mediators

We consider the case where mediator mass is = 100 MeV (i.e. above the SN bounds)

Focus on low-energy phenomenology

 Work in low-energy Chiral EFT
« BBN/CMB, rare meson decays

e Obtain conservative bounds on DM-nucleon cross-section
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DM-5SM Interactions

Consider interactions of the form L D OXﬁSM

Osm |0y (complex scalar DM) | O, (fermion DM)

qMqq XX X
GMVGMV XX XX
675]\?(](] /@P, ZX,75X

G G cF XX
A

qVu4 i FOH Y

q,}/li,}%q /@P, )2/)/”/}/5)(

(Future work: CP-violating couplings)

Peter Cox - University of Melbourne



Scalar operators

Consider two effective models, motivated by UV completions

G _ s a, v
. Cluon-coupled  Ogy = gG Ga, v
Integrated out heavy quarks
B COlg Cry X
I, Quark-coupled Ody = E mqqq + S G"" Gy + g—WFMVFMV
q=u,d,s
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-
Gasser & Leutwyler (1985)

Matching to SU(3) Chiral Lagrangian Bishara ot a1, (2016)

« Dark matter treated as local source terms added to the QCD Lagrangian

E — ﬁQCD + SG’(Q) ’MVGG, S (quSX(I)q q = (ua d7 8)

127r

« Match onto the low energy (SU(3), X SU(3)z)/SU(3)y Chiral Lagrangian

f2 U(z) = exp (z\/il_[/f)
j EChPT — Z (1 —+ ESG) TI'[DMUTD U]
By f? 2 M=| = -Z4+2 K°
+ 02f (1 + Sy + §Sg> [M (U + UT)] K~ K° 6 —2%

Peter Cox - University of Melbourne



Matching to SU(3) Chiral Lagrangian

« [eading-order DM couplings to mesons

4
1 -
EChPT D (1+ 273G)
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(DFET)(DyEK ™))

2
+(1+sx+§30)(m mtrT +myE KTK™)

Gluon-coupled

3
WXX

Sy =0, sg=

Quark-coupled
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Matching to SU(3) Chiral Lagrangian

« [eading-order DM couplings to mesons

4
Lapr O (1+ gose) (DFa) (D) + (DMK T) (DK 7)) ~luen-coupied
2 3 .
+(1+sx+§SG)(miw+w—+m§<K+K—) sx =0, s¢= 55X X

Quark-coupled

-1 3ca
SXZFXDO SG:wXX

« DM couplings to (non-relativistic) nucleons

2

Lupchpt D (bo Tr[Mgy] s, — 2—7mGSG)(Z5p + nn)

Peter Cox - University of Melbourne



Constraints from BBN

. . ) Figure: Particle Data Group
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baryon density parameter 2gh?
1072

S
b
|

during BBN is tightly constrained
Steigman ‘77, Kolb et. al., ‘86, Boehm et. al. '13, ...

=
b
=
1

r

L

Thermal relic DM annihilating into

1He mass fraction

=

b b

= o
I

i i
/44%;:
1.1 11 1 1 | 1 1 11 I 1.1 1 1 11

ef/photons or neutrinos excluded for

m, < 0.0MeV  Sapbtiet al 19

£ ////?5/‘;/// LS

What about hadronically-interacting DM?
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Constraining oy, N with BBN

Aim: conservative bound on DM-nucleon cross-section,

iIndependent of early cosmological history

4 )

BBN requires universe reheated to temperature of at least ~10 MeV

Was the dark matter in equilibrium at 10 MeV?

Stronger bounds can be obtained if universe reheated to higher temperatures
(see e.g. Knapen et. al. "17, Green & Rajendran ‘17, ...)
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Equilibrium — in or out?

Hadronically interacting DM can (naively) remain out-of-equilibrium at T~ MeV

even for large oyn

« Baryon (& meson)abundance is highly suppressed

Peter Cox - University of Melbourne



Equilibrium — in or out?

Hadronically interacting DM can (naively) remain out-of-equilibrium at T~ MeV

even for large oy N

« Baryon (& meson)abundance is highly suppressed

X Yo AVAVAWV i
RN A
But DM interacts with photons at 1-loop :‘,-'.,: Yot K+
R\
x °° SANNS Y

[ Processes such as vy — XX can equilibrate DM & SM sectors ]
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BBN & CMB bounds

/s MeV-scale DM that was in equilibrium with photons during BBN excluded?
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BBN & CMB bounds

/s MeV-scale DM that was in equilibrium with photons during BBN excluded?
Three regimes to consider:

. DM decouples when relativistic, before et annihilation

I DM decouples when relativistic, after et annihilation

. DM decouples when non-relativistic
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BBN & CMB bounds

/s MeV-scale DM that was in equilibrium with photons during BBN excluded?
Three regimes to consider:
. DM decouples when relativistic, before et annihilation <——

I DM decouples when relativistic, after et annihilation

Existing BBN

. DM decouples when non-relativistic < analyses apply

Peter Cox - University of Melbourne



BBN & CMB bounds

/s MeV-scale DM that was in equilibrium with photons during BBN excluded?
Three regimes to consider:

. DM decouples when relativistic, before et annihilation <+———  <—
Overclose the

universe

I DM decouples when relativistic, after et annihilation —

Existing BBN

. DM decouples when non-relativistic < analyses apply
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BBN & CMB: non-relativistic decoupling

. DM initially increases expansion rate . DM transfers entropy to photons
« Earlier freeze out of of n & p « Dilutes baryons = need |larger initial n
* Increases Yp + Decreases T, /T,

0.29f :
0.28F
>D:0.27'— N
0.26F ~ o ™
0.25F
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Neutral Scalar = =
Complex Scalar ===~
Vector Boson
Majorana Fermion =====--
Dirac Fermion =

3.5k .

01 L0 100 300

Sabti et. al. (2019)
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BBN & CMB: non-relativistic decoupling

. DM initially increases expansion rate . DM transfers entropy to photons
« Earlier freeze out of of n & p « Dilutes baryons = need |larger initial n
* Increases Yp + Decreases T, /T,

BBN only: 1y > 0.4 MeV
Combined BBN+CMB fit: m,y, > 4.9MeV  saptiet al (2019)

C* Ny Majorana Fermion =*=*-** . 3.0F = E
:f: 027; \"\‘\ Dirac Fermion B = L
0.26F ~ > - 22.5'; _______
0.25F : S —— g
i i 20p——————"""
0.24F E 1
0.1 1.0 10.0  30.0 0.1

Sabti et. al. (2019)
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BBN & CMB bounds: relativistic decoupling

before eX annihilation

* |ncreased expansion rate during BBN

(can be parameterised by contribution to &N{EFBN )

* Increase in both Yp and D/H|p

Yeh et al. (2022) : ANEPN < 0.407 (95% CL)

c.f. real scalar in equilibrium: AN.g ~ 0.57

Peter Cox - University of Melbourne



BBN & CMB bounds: relativistic decoupling

before e* annihilation after e* annihilation
* |ncreased expansion rate during BBN « DM shares entropy released during
(can be parameterised by contribution to ANEBN) et annihilation
* Increase in both Yp and D/H|p * Increases 1, /T, relative to SM:
3
(TV) 4+ 2g%
T ] X
1, 11 + 295

Yeh et al. (2022) : ANEPN < 0.407 (95% CL)

CMB _
cf. real scalar in equilibrium: ANeg ~ 0.57 = ANgg ~ A2 2.2 (realscalar g = 1)
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BBN & CMB bounds

/s MeV-scale DM that was in equilibrium with photons during BBN excluded?

Three regimes:

. DM decouples when relativistic, before et annihilation

Overcloses the universe & excluded by BBN

Il DM decouples when relativistic, after et annihilation

Overcloses the universe & large contribution to ANGE

. DM decouples when non-relativistic

Excluded by BBN
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-
EXisting constraints

Gluon coupled complex scalar
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-
BBN constraints Ty < H (T =10MeV)

Gluon-coupled, complex scalar
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BBN constraints Ty < H (T =10MeV)

Quark-coupled, complex scalar
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Kaon decay constraints

Dark matter interaction with m, K also leads to bounds from invisible meson decays

NAG2 measurement of rare FCNC decay K™ = ntov

BR(Kt — ntiw) = (1.06 £ 0.4) x 10710

Leads to very strong bound on decay to other “invisible” particles, e.g. dark matter

[BR(KJr — 7T+XX) < 10_10]

Peter Cox - University of Melbourne



Bounds from rare K-decays

Two types of contributionsto KT — 77 yx

IR contribution: s — d transition from SM effective weak Lagrangian

_|_
T % _
i LE0 D —V2G ViV, g3 f2(0"77) (8, KT) + hec.
Kt--»>-o-r-g----X
\\ )_(
UV contripution: Additional terms in low-energy Lagrangian from matching
W~ 2
Lsg D TKSX(CSC[ 7~ Kt +h.e)
i L w‘t o i
Vi AN Via
NS 2G pm2Vig Vi
NOTX Csd = V2 ??g td s By (miy, /m?)
‘g T
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Bounds from rare K-decays

Two types of contributionsto KT — 77 yx

IR contribution:

,
V4
R
Kt--»r-e-r-%----X%
\\
S
* X
UV contribution:
e
S t d
- X -
v, DR Vid
\ \\\
\\ \X

[BR(K+ — 7T+XX) < 10_10]

Leading contribution in gluon-coupled case

M(@?) = V2GpVouadViigs f2 S

Dominates if coupling to heavy quarks
(e.g. Higgs portal models)

V2Grmi VgV m2.

MUV - 1672 I\ 2 Ft(m%/v/m?)
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Kaon decay constraints
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Kaon decays give stronger, but more model-dependent bounds

103
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Freeze-in DM abundance

 Dark matter produced via freeze-in below T~10 MeV/

Y AN - X
: \A~ ”1
PO 4
: aA’ \‘\
;Y’\/\A/" \X
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Freeze-in DM abundance

 Dark matter produced via freeze-in below T~10 MeV/

Y AN - X
: \‘u,\ ’,1
PO 4
: aA’ \‘\
,}/’\/\A/" \X

[rreducible abundance: very difficult to deplete this DM prior to CMB

« Decay/annihilate to SM sector: dilutes baryons

» Decay/annihilate to dark sector: contribution to ANg¢"
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Results: scalar operators, scalar DM

Gluon-coupled, complex scalar
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Results: scalar operators, scalar DM

Quark-coupled complex scalar
|

Gluon Coupled complex scalar
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Results: scalar operators, fermionic DM

Quark-coupled, Dirac fermion
ol | el

Gluon-coupled, Dirac fermion
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Significantly stronger bounds for fermionic dark matter oynN X mi/[\2
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Vector operators

g
NPT
L= Lqcp + qy"vu(r)g Vp,a = Af ZX_ X (Scala.r bM)
X7 X (fermion DM)

>
. - o o _
Ly = 43 ((CF =) B + (€Y = CY) KBkt 4 (€Y - ) KOD,K* ) 70" (seatar DAD
A X7 x (fermion DM)
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Vector operators

1
_ *3 scalar DM
L = Lqcop + ¢y vu(z)q Upa = {Al A ( . )
—=x7'x  (fermion DM)

. = = PG x < OF clc
Ly = 43 ((CF =) B + (€Y = CY) KBkt 4 (€Y - ) KOD,K* ) 70" (seatar DAD
A X7 x (fermion DM)

Coupling to two photons vanishes by Landau-Yang theorem

Coupling to electrons induced at one-loop

]
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Results: vector operator Preliminary!

Scalar DM (vector oPerator)[O;/ = Q]
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Preliminary!

Results: vector operator

Scalar DM (vector operator)[Cé’" = Q]
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Axial-vector operator

— 1 -
L= Lqcp + 7"y aulr)g = La= 75 (Cil = CF) £ (@) (x*7"x)
14 X
DM couples to a single g

Peter Cox - University of Melbourne



Results: axial-vector operator

10 Fermionic DM (amal-vector operator)[ = Q]
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Special case: flavour universal couplings

For vector/axial-vector operators with flavour-universal couplings,
couplings to mesons vanish at leading order

<
) — e 0 PP EATT!
Ly = — ((af —CYYr Dyt 4+ (CY — CY)K DK+ (CY - ) K”D“KD> ix"9"x (scalar DM)
xY*x  (fermion DM)

Need to go to NLO in Chiral Lagrangian => weaker constraints
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Special case: flavour universal couplings

Preliminary!

For vector/axial-vector operators with flavour-universal couplings,
couplings to mesons vanish at leading order

Need to go to NLO in Chiral Lagrangian => weaker constraints

Fermionic DM (axial-vector opera'Eor)[Cff‘ = Q]
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Pseudoscalar operators

o ~
L= Lqgcp + 9(3:)8—;6*@’“”6?&}“1, —igy" Myp(x)q

\U,

Lo My — My 0, -5 o if 11 0 0, s
EP—ASTI’LWi (mqumd) fm(x7°x) Loa= 2A3m( ) (0°77) (X7 x)
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e
Pseudoscalar operators Preliminary!

DM-nucleon cross-section is spin-dependent & momentum-suppressed
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Ssummary

« Light, hadronically-interacting DM is strongly constrained

by BBN, meson decays, irreducible freeze-in abundance

Gluon-coupled, complex scalar
el L
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