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Some results in Dark matte

@ Most talks in DM start with the null results!

@ Now there is some result

We report on a search for dark matter particles interacting with xenon nuclei in an exposure of 2.84 tonne-years with the LUX-ZEPLIN (LZ)
experiment. An extended nuclear recoil energy window up to approximately 270 keV enables searches for effective field theory and inelastic
models of dark matter where high-energy recoils account for a larger fraction of the predicted recoil spectrum compared to the nominal spin
independent interaction. We observe one event with characteristics consistent with a nuclear recoil of 248 + 23 (stat) + 23 (sys) keV, ina
region where the known background expectation is low. A profile likelihood ratio test finds tension with the background-only hypothesis at a global
significance of 2.6 when accounting for look-elsewhere effects, with a maximum local significance of 3.4 across the models tested. We

describe the analysis and event of interest, the background model used in the statistical inference, and detail several of the rare background
topologies considered.

Figure: [arXiv:2609.02823 [hep-ex]|.
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Some results in Dark matte

0.05 F50d T oo’ —Toetasic T | 7
—— 5MAD —— 11M10D === elastic LZ 248+32.5 keV

—— 7M6D — 13M12D
0.04 loop-induced elastic n

o
y o 0
| b4 b

\

1

\

0.03 |

treelevel inelastic

0.02

dR/dEg [events/(ton yrkeV)]

0.00

50 100 150 200 250 300
Eg [keV]

FIG. 1. Recoil spectra for our benchmark models. For each

multiplet, the solid line is the tree-level inelastic contribution,

while the dashed line is the loop-induced elastic contribution.

The LZ observation is shown by the blue band.

Figure: [arXiv:2609.04144 [hep-ph]].
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Broad questions in the field of dark matter

@ Q1. How was dark matter produced in the early universe?
@ Q2. Given a mechanism, what is its allowed mass range?

@ Q3. Can we probe it's particle nature at experiments?

Other important questions follow ...
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Q1: How is dark matter produced in the early universe

@ Thermal: Either coupled to SM bath or hidden bath
@ Non-thermal: axions, FIMPs, PBHs etc.

@ The mass of dark matter particles cover a broad spectrum = 10722 eV to
1034 solar mass.
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Simplest possibility: Thermal production of dark matter

We know how standard model particles are produced in the early universe
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Mass range of DM O(keV) to O(100) TeV = detectable at experiments!
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A typical zeroth-moment Boltzmann equation for such a process is given as:
1 d( 3) / d3p1 d3P2 d3p3 d3P4 %
——(nya = -

Bdt X (27)32E; (27)32E; (27)32E; (27)32E,
(2m)*6*(p1 + P2 — p3 — pa)|M|? x

(fx(pl)fx(pz) - (e o)
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X

@ To solve: we need the knowledge distribution functions.

@ For SM, once we specify the temperature of the bath, and the nature of the
species the form of distribution function is known.
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@ In thermal equilibrium scenarios,
f(p, T) = nX(T)/n‘;(q(T)f;q(p, T).

i.e. dark matter traces the (kinetic) equilibrium distribution
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@ In thermal equilibrium scenarios,
f(p, T) = nX(T)/n;q(T)f;q(p, T).
i.e. dark matter traces the (kinetic) equilibrium distribution
@ DM relic density simpler to solve
1d

;E(nxff) = —(ov) (ni - n;q2)

@ Thermal scenarios hence well motivated from several perspectives

@ Null results — other mechanisms, better detection or non-standard
cosmologies
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Scenarios with departues from thermal equilibrium

@ The first classic case here is of freeze-in with neglible number density in the
early universe.
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Scenarios with departues from thermal equilibrium

@ The first classic case here is of freeze-in with neglible number density in the
early universe.

@ BE simple: since we can neglect f, << fg.

@ Hidden sector freeze-out: In this, although dark matter is decoupled from
the SM bath but it is assumed to be a part of another thermal sector with a
different temperature T,.
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Scenarios with departues from thermal equilibrium

@ The first classic case here is of freeze-in with neglible number density in the
early universe.

@ BE simple: since we can neglect f, << fg.

@ Hidden sector freeze-out: In this, although dark matter is decoupled from
the SM bath but it is assumed to be a part of another thermal sector with a
different temperature T,.

@ Hence again the distribution function while solving the BE can be written up
in terms of the equilibrium distribution function but with a different
temperature.

@ One has to solve for coupled BE in this case to determine T, and n, as a
function of temperature.
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Exponential growth mechanism (2103.16572, 2104.05684)
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X X

@ Non-thermal mechanism where negligible yet non zero DM initial density is
required
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Exponential growth mechanism (2103.16572, 2104.05684)

X X

@ Non-thermal mechanism where negligible yet non zero DM initial density is
required

@ To contrast with freeze-in where ni;it — 0.

@ Exponential production continues until the process becomes Boltzmann
suppressed
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Exponential growth mechanism

@ In literature, a simplifying assumption is made to solve the BE i.e.
fulp,t) = A()(p, £), where  A(t) = ny (£)/n9(t)

i.e. dark matter traces the (kinetic) equilibrium distribution

A standard assumption while determining abundance for the thermal scenarios

DM exp production mechanism September 12, 2026 11/27



Exponential growth mechanism

@ In literature, a simplifying assumption is made to solve the BE i.e.
fulp,t) = A()(p, £), where  A(t) = ny (£)/n9(t)

i.e. dark matter traces the (kinetic) equilibrium distribution

A standard assumption while determining abundance for the thermal scenarios

@ With this, the dark matter density can be estimated by considering the
zeroth moment of the Boltzmann equation:

%%(nxéﬁ) = (ov) (nzqnx _7’;/)

Can infer the desired couplings which satisfy relic
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Exponential growth mechanism continued...

Ques: Can we make the equilibrium assumption?

@ Usually the assumption works well for thermal or nearly thermal scenarios.
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Exponential growth mechanism continued...

Ques: Can we make the equilibrium assumption?

@ Usually the assumption works well for thermal or nearly thermal scenarios.

@ Production of dark matter in our case non-thermal.

@ We want to solve this for generic case and see how different is the obtained
distribution function from the equilibrium case.
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A case study for non-thermal dark matter

The production is through interaction via thermal mediator Ly = %X% + h.c.

1- ’ T\
, . N ,
XS, VAV AN IO AR S
AN RN RN
/I \\ T /, \\ X

¢ AN \X ¢>///
— — —
t t t

First diagram: Annihilation of DM with p;:

Second and third diagram: Creation of DM with p;:
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Boltzmann equation for dark matter abundance

Ll 0] = (5 Horge ) o).
Clfy(p1,t)] = Cilfi( P1, )] + Culfy(p1, t)] where
3
Gl ) = ~355 [ o * Kl 06 )

d*ps d*py 4 2
X (27T)32E3 (271')32E4 (27T) 6 (pl + p2 - p3 - p4) |M|

d3p d3p/ d3p/
f. — 2 3 4
Culfi(pr, )] ’ 26 5/ 21)32E} (27)32E} (27)32E]
x(2m)*6*(p3 + pb — pr — pa) X [M[? x fi(p3, ), (p5, t)

Integro-differential coupled equtions
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Boltzmann equation for dark matter abundance

@ Solve in comoving momentum frame where g = pa

@ Discretize the comoving momenta i.e. f(g;,x) = fi(x) to solve the coupled
differential equation

[

d | fa(x (X

a | o |7
fa(x) fo(x)

Need to specify initial distribution function — initial condition dependent problem
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Initial condition 1: Scaled equilibrium distribution

£ (G Xinit) = 1012 (9, Xinit)
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Each momentum grows and freezes
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Initial condition 1: Scaled equilibrium distribution

continued...
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Equilibrium behavior for low momentum modes
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Intital Condition 2: Out of equilibrium decays of a heavy

particle

@ DM could have been produced by something like inflaton decay (but the
number is small)

fX(q7 Xinit) = 10_13exp_2(q—5)2
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Equilibrium behavior for low momentum modes repeat here
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Initial condition independence

@ In both cases we see initial condition independence.
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Initial condition independence

@ In both cases we see initial condition independence.
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7

coupling?

e Mean free path: A x % ~
e Smaller momentum, and larger couplings = small mean free paths

e Larger momentum and smaller couplings = higher mean free paths
come in equilbrium later.

e But the behaviour is same for any scattering process of a particle.

e We reach initial condition independence in cases where systems reach
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Initial condition independence

@ In both cases we see initial condition independence.

@ Why this happens?

7

coupling?

e Mean free path: A x % ~
e Smaller momentum, and larger couplings = small mean free paths

e Larger momentum and smaller couplings = higher mean free paths
come in equilbrium later.

e But the behaviour is same for any scattering process of a particle.

e We reach initial condition independence in cases where systems reach
equilibrium.

e The reason we see fast equilibrium approach is because of the
exponential dependence.
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Phase diagram assuming equilibrium assumption
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@ Hence, although the system is not in equilibrium, and the distribution
function hence must be computed from first principles, but system
approaches equilibrium fast.
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@ Hence, although the system is not in equilibrium, and the distribution
function hence must be computed from first principles, but system
approaches equilibrium fast.

@ Assuming the equilibrium approximation then works to give rise to the
quailitative reasonings.

DM exp production mechanism September 12, 2026 21/27




What kind of models can give rise to these phenomena?

@ Basically all models explaining semi-annhililations in the low coupling
regions.

@ A Z3 symmetric dark matter interaction with a singlet scalar = 3¢+ h.c.

@ A mass-mixed fermion having self interactions via scalar/gauge boson
= Amx1x2 with X1x1¢ or X17"X1Z},

22/27
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More generic features of the exponential growth models

In collaboration with Rahul Srivastava and Ranjeet Kumar

The question we are interested in asking is how high basically the mass of the
dark matter can be here?

@ Dominant production by scattering, therefore ¢ — 3x (forbidden)
= mg < 3m,

@ my > my or my > mg.

@ Like freeze-in, the lower mass will be determined by the bounds of
free-streaming, the higher mass will depend on initial conditions, unitarity

melmy = 1 my (GeV)
. o

1000

100

Abundance
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Multi-component DM

In discussion with Manibrata Sen and Soumen

¥ X,

The simplest case to consider is when we have two DMs x, and xp = Xxc

1 d(ny,a*)
;# ~ —(ov)ny, ny
1 d(n,,a%)
§$ ~ +2(ov)ny,ny
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Both number density small
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When one is in equilibrium and other one is not
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Summary and concluding remarks

@ Exp growth another interesting possibility to explore.

@ Although not experimentally tested yet, offers wide range of interesting
theoretical avenues.
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