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See also: Arcadi et al., arXiv:2403.15860; Arcadi et
al., arXiv:1703.07364; Roszkowski et al.,
arxXiv:1707.06277; Cirelli et al., arXiv:2406.01705;
Feng, arXiv:1003.0904; Bertone et al., arXiv:hep-ph/
0404175; Jungman et al., arXiv:hep-ph/9506380.
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Complementary searches strongly constrain simple WIMP models, while resonant,
secluded and suppressed nuclear scattering models preserve viable regions.
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High Energy Physics - Experiment

[Submitted on 2 Sep 2026]

Search for dark matter particle interactions in an extended nuclear recoil energy window with the LUX-ZEPLIN (LZ) experiment

D.S. Akerib, A.K. Al Musalhi, B.J. AlImquist, C.S. Amarasinghe, A. Ames, T. Anderson, N. Angelides, H.M. Aradjo, J.E. Armstrong, M. Arthurs, A. Baker, S. Balashov, J. Bang, J.W. Bargemann, E.E. Barillier, D. Bauer, K. Beattie, A.
Beauchene, T.L. Benson, A. Bhatti, T.P. Biesiadzinski, H.J. Birch, E. Bishop, G.M. Blockinger, B. Boxer, C.A.J. Brew, P. Bras, S. Burdin, M.C. Carmona-Benitez, M. Carter, A. Chawla, J.J. Cherwinka, Y.T. Chin, S. Contreras, M.V.
Converse, R. Coronel, A. Cottle, C. Coulson, G. Cox, C.E. Dahl, I. Darlington, S. Dave, J. Delgaudio, S. Desai, S. Dey, L. de Viveiros, L. Di Felice, C. Ding, J.E.Y. Dobson, E. Druszkiewicz, S. Dubey, C.L. Dunbar, S.R. Eriksen, S. Fayer,
N. Fieldhouse, S. Fiorucci, H. Flaecher, E.D. Fraser, T.M.A. Fruth, P.W. Gaemers, R.J. Gaitskell, A. Geffre, J. Genovesi, C. Ghag, J. Ghamsari, A. Ghosh, S. Ghosh, R. Gibbons, S. Gokhale, J. Green, M.G.D.van der Grinten, J.J. Haiston,
C.R. Hall, T. Hall, R.N. Hampp, S.J. Haselschwardt, M.A. Hernandez, S.A. Hertel, G.J. Homenides, M. Horn, T. Horoho, D.Q. Huang, W. Hulse, D. Hunt, E. Jacquet, R.S. James, K.R. Jenkins, A.C. Kaboth, A.C. Kamaha, D. Khaitan, A.
Khazov, J. Kim, Y.D. Kim, D. Kodroff, Q.C. Kong, E.V. Korolkova, H. Kraus, S. Kravitz, L. Kreczko, V.A. Kudryavtsev et al. (117 additional authors not shown)

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, in a 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 2.60 when accounting for look-elsewhere
effects, with a maximum local significance of 3.40 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.

 Exposure: 2.84 tonne-years.

* Recoll candidate: 248 + 23(stat) + 23(sys) keV.
 Maximum local significance: 3.40; global significance: 2.60 across the models tested.
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S1c [phd) A single candidate motivates theoretical interpretations
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__Direct In a nutshell

WIMP Target Nucleus WIMP
from galactic halo in laboratory Elastic collision O
*— @
v~220 km/s v~0 km/s J
Er~30 keV
1 2 1 2 2 2
K= -mv®=-—mp“c® = 27keV - o
2 2 Emax — 9 v
my
2kpT’ 131kv( my \*(_1TeV 2( . ¥
UN R ~ 10" "¢ - e BT m, +my ) \220km/s
my

High recoil energies select heavy or fast incident
particles, modified interactions, or an additional
, |source of energy.




Unit-normalized dN/dEgr [1/keV]
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X 2 12
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107°;
—— Elastic, 0.1 TeV
10-8- Elastic, 1 TeV
—— Elastic, 10 TeV
LZ candidate event
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Why conventional scattering struggles
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Xenon-129
10—’ Xenon-131
Xenon-136

—— Natural xenon, mass weights

-
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{0t 102 103
Recoil energy [keV]

N(ER > 200 keV)

~ 1.37 x 1073
N(5.4 < Eg < 300keV) .

N5.4_55 ~ 1.42 X 103

Di Mauro ArXiv:2609.02608

Normalizing a conventional spin-independent
spectrum to the high-energy candidate generally
predicts a much larger low-energy population.




_Inelastic dark matter models

X1N — xaN

Umin (ER)

Ej =

HXN 5 i,

Endothermic
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AENE =Y 6=m,, —m,, <0
1 myER
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Endothermlc scatterlng probes the fastest dark matter

Standard Halo Model (SHM) reference parameters

For the baseline analysis we adopt the Standard Halo Model (SHM).

Local circular speed Galactic escape speed Earth speed
(of the Milky Way) (in the Galactic frame)

— 238 kms™* Vese = 544 kms™!  vg = 250.2kms?

Derived maximum speed:

vmax — veSC —I— vE =) 794.2 km S—l
1100- -
00 6max~500 keV ..
1000\ M i
T ! e
c 900 6max~370 keV : .~ .
X 8O0 1'./_,_/.’_ ............ -
—~~ ’ 1
> ////: :
;qz) 7001 g : !
(@) ot ///, : :
(LQ /’/ : :
i 6007 7 g =500 GeV
R =i1Tev |
E 5001 .- -7 === My = 10 TeV E
R ~-o- SHM %792 km s'—1
—————————— LMC = 982 km s
40 . .
900 200 300 400 500 600

N(Vmin) [(kms™1)71]

| SHM speed dlstrlbutlon .

Truncated Maxwell-Boltzmann speed distribution (Galactic frame)

0.005 : :
— 1 1
[ | vo=238kms™! ! .
E — l :veSC:544 km s
é | |
= n :
= 0.003 - : :
- : :
.g I I
2 0.002 i E
2 i
8 0.001
&
0.000 T T : T T T T
0 100 200 300 400 500 600 700
Speed v [km/s]
R
> >
U o
RV AV
G ©
S 1O
N
Pl
P i
P i
P i
b
b |
b |
P i
; i b
10—7_: Adam Smith-Orlik et al JCAP 10 (2023) 070 o
E ! OO B
3 | s
] 100 :
_g] —— SHM Bl
107°: b
| SHM + LMC, w =0.26% 1.
10797 e SHM + LMC, w=0.60% .
3 . 1 oo
10-10] T simulated support ~950 kmg™* LE
-5 4
| oo analytic LMC-mixture maxnhuﬂm 982 kmé&* !
1 i : i
10_11 ' i : : :
6 x 102 103

Vimin [kms™1]

The high-speed halo population controls the
accessible splitting and event rate. An LMC-induced
component can extend the endothermic reach.




Different mechanisms produce different recoil spectra

Spectra normalized independently; detector response not included.

—— Elastic, 1 TeV
_ Endothermic, 200 '<eV
—— Endothermic| 300 keV
108, — Endothermic} 350 keV
Exothermic, 200 GeV '
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__Higgsino Interpretation_

. . f h H t 2 =~ " ~
The fermionic partners of the two MSSM Higgs doublets transform under SU(2);, x U(1)y as ﬁzﬁﬁ - - 9 ZM Xg z X(l) b
e < C
B~ A2, 29, By i, =172) )
0 20
R e 5= e — e ~ml (SO Ow | cos”Ow
£mass ) —/,LHu g Hd e 'é'M]_BB aae §M2Wawa +h.C. g H2 Hl e z M]. M2
In the nearly pure Higgsino limit, with | M|, |Ms| > |u|, the two neutral Weyl fields form an
approximate Dirac fermion protected by an approximate Higgsino-number symmetry. Electroweak
symmetry breaking, together with finite M, and M,, lifts this degeneracy and produces two
neutral Majorana eigenstates. 10737 : . , . ; : —
m, = 1.1 TeV, 0 ~ 377keV R e e £
e Standard thermal freeze-out selects a nearly pure Lo-s|
= Freese+, arXiv:2609.01583 ]
Higgsino mass around 1.1 TeV. S 10702}
= :
* The LZ spectrum and normalization constrain the 1077
splitting, with substantial dependence on the halo U
: : : 107"k 3
distribution and detector response. | — — Thermal Higgsino, o, = 1.86 x 10~ cm?
10740 ¢ LZ 90% CL, my=1.0 TeV £
: Estimated LZ 90% CL, m, = 1.1 TeV ]
1075 50 100 150 200 250 300 350
Mass splitting 6 [keV]
Fan, arXiv:2609.01504; Freese, arXiv:2609.01583; Wu, arXiv:2609.01590; Yin, arXiv:2609.01892; Di Mauro, arXiv:2609.02608; Du, 9

arXiv:2609.04163; Bisal, arXiv:2609.07811; Cheung, arXiv:2609.08712; Langhoff, arXiv:2609.09385; Frolovsky, arXiv:2609.11241.



(a) First capture (b) Bound but non-thermal (c) Repeated inelastic scatterings (d) Kinematic closure (e) Final stage

Ngid

lnelgst!c up-scattering Large, eccentric orbit after capture Further up-scattering during lnelastlc. channel turns off Elastic scat.tern.'ng and

inside the Sun subsequent Solar passages in stages thermalization
X1 (unbound)
~ X2
"
N X2 p—

~ A > \\

\ * / - \\

@X1

SRL - /
X2 (bound) ~ Accessible nuclei: | Sun
Sun Sun Sun —— heavy (e.g. Fe) — - —
- - = intermediate (e.g. O) X1 - X
= . ==~ light (e.g, H, He) | ::(;
X1 X2 ) N N
: e : | x1N—= xy N
;( Captured DM remains on a At each passage through the As the orbit shrinks, the maximum | (elastic scattering)
N N highly extended orbit, with an Solar interior, x; can up-scatter DM speed decreases. Once the = --
x1N = xo N outer turning point 7., of again, 1IN — YoV, losing !(inemat.ic thres-hold (Eq. 2.{ref}) . After inglastic scat.t,ering beCO{nes
(endothermic, energy loss > &) J order a substantial fraction nuclear recoil energy and the is no longer satls.ﬁed, lighter nuclei kmema'tlcally fo.rbldden, elastic
‘ : of R. excitation energy 0. The orbit become inaccessible first, followed Scatterl.ngs continue t..o _reduce
progressively shrinks. by progressively heavier elements. ~ the orbital energy, driving the
captured population toward
thermalization with the Solar
medium.
Capture Inelastic cooling (x; N — x» N) Kinematic closure Elastic thermalization
(light — heavy nuclei) (x1 N — x1 N)
DM level structure Cycle during Solar passages {C} = scattering with a Solar nucleus
X2 (excited) xiN = x, N 3 X2 = X1 SOEe 1N = ¥, N — = ear.ly, .extend‘ed orbit
0 (inelastic up-scattering) (de-excitation) (next up-scattering) = === = shrinking orbit
X1 (ground) —p = final, thermalized orbit
Pospelov, arXiv:2609.02775; D1 Mauro, arXiv:2609.06760; Bose, 1 O

arXiv:2609.07807; Nguyen, arXiv:2609.11833; Ghosh, arXiv:2609.15321.



7 X 102
e|JceCube limits neutrinos from annihilation of captured 102
5 _
dark matter; scattering limits follow after specitying 15
o : : S e
capture and annihilation assumptions. _5 X1
v
* Thermal Higgsinos are strongly constrained. © 4102
Compatibility depends on solar cooling, the halo PR
. . . . e Solar: inelastic capture
dIS’[I‘IbU’[IOn and h|gh'energy SldebandS. ——- Solar: elasticlcoolin;included
3 x 102 ¢ Simulated LMC: 514 keV
107 10"
1024 - my [GeV]
. 600 — SRS
1022 - < | SI loop : :
5 N 550 | : :
1020 - \\\ Pospelov+ E
:;5 1016 - ! - EE E
E — tree.level stall i Pospelov, arXiv:2609.02775; §..: ?E
10144 === SD loop =l ok
— = SI+SD loops L R N T R R Jinananon Sano o
1012 4 IceCube WW L LZ230616, ERRUUR -
WW-only mapping : DiMauro Shaikh, arXiv:2609.06760; | VExcluded by LZ{ ; S
10104 e LZ beinchmark | | | 0 84 1053 1052 1051  40-50. ""1'(')149' -8
3 x 10?2 4 x 102 5x 102 6 x 102 SI 2
6 [keV] %iooplom”]
Pospelov, arXiv:2609.02775; Di Mauro, arXiv:2609.06760; Bose, arXiv:2609.07807; Nguyen, arXiv:2609.11833; 1 1

Ghosh, arXiv:2609.15321, Freese and Theodosopoulos, arXiv:2610.03692.



nggs-CoupIed Mlnlmal Dark Matter

HC-MDM extends the electroweak dark sector by mtroducmg a Majorana multlplet M and a vectorllke Dlrac multlplet D In adjacent SU(2)L

representations, allowing a renormalizable interaction with the Higgs field

Denoting the two neutral Dirac-sector Weyl fields by 1])0 and 1[)60,

__ 1 ~
- - 0 0
LD D(iv"D, —mp)D + §M (iV"Dy, —mpy) M SU@2)LxUQQ)y D Y? £
L . 2
— 1 DMH* —y,DMH + h.c.. M ~ (2n+1,0), D ~ (2n,1/2) V2
Model Us My [TeV] 6, [keV] o°P [cm?] N Q, h?
3M2p 5.92 x 1073 1.4 379.371% 1.3 x 10~*7 0.5 0.12
5:4D 1.407 x 10~ 2 7.7 389.1732 1.1 x 1074° 0.8 0.12
7TMm6D 2.370 x 102 22 386.2t§;;§ 4.5 x 10746 1.2 0.12
908D 3.483 x 10~ 48 382.3153 1.2 x 107%° 1.5 0.12
11,,10p 4.529 x 102 82 378. 5+6 3 2.6 x 107%° 1.8 0.12
13:12p 5.680 x 102 130 375. 4t , 5.0 x 10745 2.4 0.12

Smirnov, arXiv:2609.04144

[y or Co/2 [s7!]

—— [ceCube W* W~ bounds
== = [ceCube bounds continuation

conservative response-loss stress range
—-@= rate-matched HC-MDM Cg/2

Di Mauro, arXiv:2609.19174.
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50F
® LZ sample outside the ROI (Fig. S4)
® in-ROI events (Fig. 4)
45| predicted higgsino signal (SHM)
2 k
<=
S
S
A
\é : predicted higgsino signal (SHM) at 6=377 keV:
20 35 | 11% in the ROI, 36% in the gap, 53% in the sideband
— the 248 keV event
Rodd+ ArXiv:2609.04175
3.0
~ signal ROI LZ high-energy sideband: 0 science events observed
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S1c [phd]
107 | signal ROI = gap high-energy sideband
e
>
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10-5 | o l I Ll —————
mm . SHM, Vesc =544 km/s, 6 =377 keV (fiducial)
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L =
O
4,
e
§ 10—2 [
2
S
| | | b

100

300 400

ER [keV]

500 600 700

A successful interpretation must explain the candidate without
overproducing events in neighbouring energy regions.
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LD gV, 9"V + g, V, Z qy"q U — ffa
q

A small Majorana mass splits one Dirac fermion into two nearly degenerate Majorana states. The vector interaction
becomes predominantly off diagonal, enabling inelastic scattering.

1 ]. 1037
‘CmaSS — —MmMp 577 — <y, §€ — mMprnm —+ h.C, — |Z one-event ¢ recast

2 2 halo + LZ efficiency-envelope stress test

_39 LZ efficiency envelope only
10 “| = = thermal pseudo-Dirac relic target

5 — mX2 T le = mrp _I_ mpgr Y DD + relic benchmark
= u — 1 51074
Wy — X2y X1 E
< 10— = 1.0TeV 0 ~ 297 keV
.9xYq , _ _ S 107434 My , ,
Lo =1 - (X27"x1) E a9 oy ~ 6.5 x 104 em?.
|4 q 10—45_
A thermal pseudo-Dirac vector model fits LZ
event with a much smaller nuclear cross A P P S ¥ 231 Mauro ArKiy 2609.02608%
section wrt the thermal Higgsino 6 [keV]

14



Relic density, indirect detection and solar capture

* At freeze-out, both states participate when the splitting is small compared

Relic density and Indirect detection

with the temperature.

* Subsequent x, depletion suppresses X X, annihilation today and ID signal.

* Open x X, annihilation channels must still be tested against ID limits.

g8

~

gs > gg"t (forbidden) ~ ---- 2m, = Mgz,
100 anit(mx) —— My = MZB
— Qh?=0.12 —= 2My =M,

Intersection: m, =3.68 TeV

N

Di Mauro ArXiv:2610.14188

102

Solar capture

e Track both states after capture, including transitions, decay, cooling

and annihilation.

e Two-state kinetics after capture, including the suppression of
annihilation caused by the inelastic transitions.

* Repeated excitation/de-excitation cycles and orbital cooling inside
the Sun taking into account elastic scatterings.

Ca(to) [s7]

- fixed-orbit envelope

- -

Di Mauro Shaikh ArXiv:2609.06760
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A UV completion: pseudo-Dirac dark matter with gauged baryon number

g = U3)C ><U(2)L xU(l)y xU(1)p

Tab. I. Field content beyond the SM. The new fermions are L = Lsm + Loauge + Ly + Lyuk — V(H, Sp)

vectorlike under SU(3). X SU(2)r X U(1)y but chiral under
U(1)s. The charge assignment in Eq. (7) cancels all gauge

and mixed gravitational anomalies, as shown in App. A. —Lyvuk = ylﬁ . H MR + yzﬁLﬁ XR
field SU(3). SU2): y B +ysUpHNL +ya U rHy 1
Uy 1 2 ~1/2 —9/2 + AeSBYLY R + A SBTRNL
Up 1 2 —1/2 —3/2 Ux ot —o
"R 1 1 ~1 —9/2 + MSBXRXL + 5 SpXTXL +hec.
1 1 1 —3/2 +
ZL 1 0 9;2 V(H,Sp) = — ppH'H + Ay (H'H)?
R T 1
XL 1 0 ~3/2 — 13S5SE + Ap(S5SB)’
S 1 0 _3 + Aup(HTH)(SLSE).
AUURB AU Ay U v
~ AnUB . AxUB  YxUB
My = : Mn— , M, = Mgz, =3gpvp mpy =

V2 V2 V2 V2

Anomaly-cancelling fermions complete the gauge theory. Symmetry breaking generates
the mediator and dark-fermion masses, while a residual symmetry stabilizes dark matter.

Di Mauro ArXiv:2610.14188



Particle mixing and dark matter splitting

ho —sinfp cosfp SO

- Mg m v) coslr/r —sinfr/r\ [ Nur/r
. Dirac __ Y 2 L/R | — / / /
(h]_) _ ( COSHB S].I].HB) (h()) MO T (m4 MD) (XL/R) (SineL/R COSHL/R) (NLL/R>
0
Nprp ~xrL — 0LV,

AHBUUB O; = 0r = 05 = 0.005. ;
Agv? — A’ Nrr >~ Xr — UrVE

tan 293 —

_ Y —
— »CX D )\XSBXRXL | ZXSTBX%XL + h.c U
B
6, = ZX= cos” 0,
eff \/§
More — [ M MmNy i .
light — —_— 0 X1L = — = (NLL — Nigp
" Oy = My, — My, =mG; = mpycos? b \?
~ — (N + Ny
N = NrL off 2 e \@( T LR
L= . my; = My cos” 0r,
LR

Di Mauro ArXiv:2610.14188 17
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The same model links recoil, relic abundance and collider signals

(a) DD and Solar capture

S R P N L o= el B R P SN S R P SN T R P S L o= el —

(b) Thermal coannihilation

9 N .2 .2
X X2 X . ! Lz D ——Z,Ny"|sin” 01 + sin” Or
B 4CW
ZB -
Z subleading) -
_ - 2 .2 5
N N X2 q + (sm Or — sin HL)7 Ny
(c) Dijet resonance (d) Open-mediator annihilation
eft eff | 5
q q X1 /B p— /’l'
. LN, zs =982, NLY" (BY + B4'y°) Ni
X2
q q X1 ZB
T 1 I
 — Q)(h2 =0.12+x10% = seees CMS: I'/M =55% \ > qunit (forbidden)  ---- 2m. =M
—— CMS EX0-24-007, 138fb1 CMS Run-3, 327fb1 % | Mx=1TeV, 6,=300keV - 9s ] 9s x =Mz,
) B 10 — g " (My) — = My =Mz,
—— ATLAS current, 132fb == ATLAS Run-3, 332fb™" = *, 100 =
— CMS current, 117 fb~2 Reference benchmark Q,h?=0.12 —=== 2My =My,
—— CMS high mass, 137 fb~} | Intersection: m, = 3.68 TeV
‘_|'> !
3 10~1
AI_.é Aa]
o S !
oy !
o
S !
= 7o ' -
10_10 -.I i"_" :‘.-n.“‘ \\‘\./ \i 10_2 -
Zp vector, inelastic I Ins "\ =
— -~ Z vector, inelastic ,' - ".‘\,’\\
10124 —-- Zgaxial, elastic (9s) ] i y ““
----- Scalar elastic (with interference) ! | o]
== Total | : “ _3
— 10_14 — | | — ....'.2 [ I 10 1 T |
107 10 10 10~
Er [keV]
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Dark-photon-mediated endothermic dark matter

1 A )12 1 & O~ LV — i Y
‘Cgauge 2~ ZBPJVB“ o ZXMVXN ¢ — \/§ (Xl 7’X2)
€ o 2., 1 o & 5
| 2CWXWB“’ +§mx,oXuX“: My

Lo = Bir* Dutp — mpPip (39 + h.c.)

. 2
ExV — gDXu¢7M¢

_ igD — 1.0
= T AuX17 X2
K 0.1
. / —
=1 (ng’A'UJ + ngZu,) le)/'UJXQ EWPO§ 0.8
0.01
e The freeze-out process occurs in the secluded regime ma’ « my, so the 1073 WW 06
I o/ AN __— . o
dominant annihilation channels are x. X, > A/ A and x.x, > AA. - g
-4 L
* The mixed process X X, = SM proceeds through s-channel A" and Z W10 E S
exchange and is suppressed by «. - E N, 0.4 N
* The x, = X, + 3y channel is allowed, but its lifetime can exceed the age E |
of the Universe. 106 ;_ Zhu, arXiv:2609.09015;
0.2
X2 — X1+ 37 o7 b
2 - =3 ’
1018 300 keV 13 mA/ 4 10_3 0.02 10—8 ] | ] I \l | ~= | ] | I I | | ] ] ] ] OO
B TS (GeV) € ap 107 10° 10°
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Yamashita, arXiv:2609.02868; Zhu, arXiv:2609.09015; Ahmed, arXiv:2609.22739; Chakraborti, arXiv:2610.08648.



__Exothermic dark matter

X1 X1

g:SU(B)C X SU(Q)L X U(l)y X U(l)B

X2 X2
10°F y 7
Leptophobic mediator 1 1 » Z
; :@ required Acint — QVM QXD_WMX + gB Z gqf)/liq 7 ,
2 q
< 10%} Dent, arXiv:2609.04673 1000 [ Qe N T T
a0 : 0 < 2me closes the electron—positron 52 22 9 : :
= decay channel but does not guarantee PK_NI — Zg gx 5 | |
£ osica s v = 5040m3cZ, mim ! -
%_‘ . cosmological stability T CW mZ mv i
. = 2 9 4 -
73 10 S SR\ ———— 1= 2me_ 1 AN 0 30 GeV E 600 |
< ; ~ =, B
> ' Dark photon 10325 \ 10—° MeV my o i
' allowed 400 B -
100 10! 102 103 104 X2 — X1VV 200 | GOR -
i || I L1 1 1 I L1 1 1 I L1 1 1 | (;}elrllp?llr aII.XIi‘II:ZI6 9:26|5‘|7()| | L1 1 I_
DM mass, m, [GeV] 25 50 75 100 125 150 175
m,, |GeV]
* + - [ J [ J [ ] [ J [ J
X — Xe € Down-scattering releases the excited-state mass splitting, allowing
1 TR lighter dark matter to produce a high-energy recoil. The signal
~ 9 Jp B ° o o ° ° °
e A A x107s (10_45 CmQ) (2 MeV) requires a surviving excited population, determined by decay and
state conversion. The same model may generate observable
annihilation signals, including a Galactic Center contribution.
Dent, arXiv:2609.04673; de Lima, arXiv:2609.05204; Baer, arXiv:2609.06153; Yang, arXiv:2609.06640; Fan, arXiv:2609.10491; 2 1

He, arXiv:2609.15714; Gemmell, arXiv:2609.26570; Oliveira, arXiv:2609.35650; Jho, arXiv:2609.37561.



Elastic scattering with m

The scalar sector is therefore composed of two SU(2)L doublets, ®1 and ®2, together with a pseudoscalar singlet ag.

1

omentum or velo

2HD+a model (Arcadi, arXiv:2609.17196;):

Ao |
V = V(®1, ) + 5m? ad + “*ah + (ikag®]®; + hc.) + Aipal®] @) + \opaidle,

2 4

LYukawa

myg
2

f

L, =1y, XV5X (acosf + Asin )

Loz =4en(Q%)0g "+ = 4en(Q) (Sx - Q) (Sn - Q)
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See also Unwin, arXiv:2609.04186 with pNGB-mediated fermionic dark matter
Di Mauro, arXiv:2609.02608; Unwin, arXiv:2609.04186; Khan, arXiv:2609.09230; Arcadi, arXiv:2609.17196; Jung, arXiv:2609.25723; Centelles Chulid, arXiv:2609.32435.
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In Type-l, all quarks and charged leptons couple to the same doublet, conventionally chosen as ®2.
In Type-Il, up-type quarks couple to ®2, while down-type quarks and charged leptons couple to ®1.
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 Dark-sector production: Annihilation or decay of a heavier dark-matter component can
produce boosted light particles energetic enough to generate the 248-keV recaoill.

e Cosmic-ray acceleration: cosmic rays transfer energy to initially slow dark matter. Momentum-
dependent interactions, such as O6 and O10, can produce a recoil spectrum concentrated near
the LZ candidate.

0
1 I LI B I | II 1 1 1 LI L L] II I 1 1 LIN B I | II 10_8 B 1 1 I | I B I | II 1 T T T 17T Il T T T T T 11 II i ]-0 E g ~ !'
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-8 | _ i 7 - .
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_ — 7 1077 17230616 |
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Liang, arXiv:2609.06756; Alhazmi, arXiv:2609.06890; Kannike, arXiv:2609.07742; Heikinheimo, arXiv:2609.11600; Mahapatra, arXiv:2609.14799



___Frermionic DM absorption

* Fermionic DM absorption: x + (A,Z) = v + (A,Z)
converts the DM rest-mass energy into a
nuclear recoil. my = 247 MeV naturally gives ERr
= 248 keV.

* Fitting the LZ event requires an EFT scale of
about A = 11.5 TeV.

e KamLAND provides a bound of Ay = 80 TeV for
the vector operator and As =z 73 TeV for the
scalar operator at my = 247 MeV.

e The absorption operators also induce mono-X

signatures at hadron colliders via associated yv

production with initial-state radiation

PandaX-4T (90% CL) === Mono-Z (lep) (13 TeV) == =Mono-jet (HL-LHC) === Mono-Z/W (had) (13 TeV)
MAJORANA (90% CL) == = Mono-Z (lep) (HL-LHC) Mono-y (13 TeV) == =Mono-Z/W (had) (HL-LHC)

. w===KamLAND (vector SF, 90% CLS) === Mono-jet (13 TeV) Mono-y (HL-LHC) *Benchmark (my =247 MeV, A=11.5TeV) -

Lou, arXiv:2609.01592
102
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101_~

h- -----------------------------------------------

100
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For the operators shown, the LZ-required interaction
IS strongly constrained by the KamLAND comparison.

Lou, arXiv:2609.01592; Jeesun, arXiv:2609.04185; Aghaie, arXiv:2609.09037; Lee, arXiv:2609.12045; Uttayarat, arXiv:2609.15933.
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my = 2 GeV, /1 = 0,25 GeV~!
¢

e Atmospheric-neutrino up-scattering: An atmospheric ﬁE I R SR L Py
neutrino converts into a massive dark particle through a new F 10 E_‘— Jeesun,arXiv%M::lBSM?
mediator, transferring energy to the nucleus vN — xN. The % 10::E
signal depends on the neutrino flux and must satisfy %12_35 _L\\
accelerator and neutrino-scattering constraints. = 12;‘; £BSM O UxX L ved + 4gag + - | et s R~ S i
e Invisible neutron conversion: One or two bound neutrons 1078 o \10( % \ :Zh“tmi;SfC
convert into invisible dark-sector particles, potentially T (keV) - B\
producing narrow, isotope-dependent recoil lines and nuclear %W :
de-excitation signals. Viable models must satisfy nucleon- § 3
stability and rare-nuclear-process bounds. I
e Composite dark matter: A neutral bound state of dark 0o 10501002003005007;00 o e dual_nudj;’mcoﬂenergy .
quarks scatters through a dark-photon mediator. Screening w01 Jong, 20025723 |—
among constituent charges suppresses the interaction at _ 10:2 1= i ’
small momentum transfer. The internal form factor can 5% iz _ i
produce a harder recoil spectrum without a mass splitting or 10 e L areis
boosted particles. 107 g .
700 o1 oz 03 o4

Aghaie, arXiv:2609.09037; Lee, arXiv:2609.12045; Uttayarat, arXiv:2609.15933. 2 5

Asadi, arXiv:2609.09107; Sheng, arXiv:2609.23477; Sannino, arXiv:2609.24988; Jung, arXiv:2609.25723; Chanda, arXiv:2609.36814. q [G eV]
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More LZ exposure: 1,000 live days, low-energy
data and searches above 300 keV can test

predicted spectra. T
XENONNT: Extended-energy data can ; 10-5
independently test the LZ interpretations. : e
LHC Run 3: ATLAS and CMS dijet searches can .

probe viable mediators.

IceCube: Improved solar-neutrino and mediator-
cascade searches can test surviving models.
Other targets: Argon, germanium and tungsten
can distinguish interactions and inelastic
Kinematics.

Spectra and modulation: More events can reveal
recoil structures and annual variation.

Indirect detection: Gamma rays and charged
cosmic particles can test annihilation channels

(exothermic). o

= central signal scaling from one event

— 6=270keV

6 =300keV
—.— 6=350keV
accidental BG

Poisson 90% interval propagated fromn=1

G

[events/(tonne yr keV)]

dR
dEy,

== = scaled high-S1 background guide
101t
b
3
0
> 100% &
©
Q
)
O 10-1
§3‘ 10
low-Er event, Eg = 20 keV w3 em=mmTTT
LZ candidate, 248 £ 23 keV I
high-energy sideband 10 -
<1
100 Total live days
Er [keV]
1
— L7
101 } — CRESSF‘\
101
10-3 /f\\\\ (
Su+ ArXiv: 2609.01475 ‘
1072

50 100 150 200
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Beyond the simplest elastic WIMP benchmark

eSecluded Dark Matter: Annihilation into dark-sector particles, with suppressed
couplings to the Standard Model.

*Inelastic Dark Matter (Endothermic/Exothermic): Scattering involving transitions
between different dark matter mass states.

*Non-Thermal Dark Matter (Freeze-in): Dark matter produced through feeble
interactions rather than thermal freeze-out.

*Direct-Detection-Suppressed Dark Matter: Models with loop-induced, momentum-
suppressed, or velocity-suppressed scattering.

Coannihilating Dark Matter: Relic abundance controlled by interactions involving nearly
degenerate dark-sector particles.

*Resonant Dark Matter: Efficient annihilation near a mediator resonance, allowing
suppressed direct-detection couplings.

28



Cumulative number of arXiv papers
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The freeze-out mechanism and WIMP’s miracle

Inelastic Elastic 0.001 e

X X X X

Finela,stic — Ty <JU> ~ H

e, e o
o O O

Comoving Number Density
© 2 2 2% 2222823 8 23
& 3 I & & * B & =

—

n+ 3Hn = (ov) (ngq —n?)

2
N

—

10 100 1000
x=m/T (time -)

10~2%"cm? /s
(c(DM DM — SM SM)v)

Qpmh® ~ (c(DM DM — SM SM)v) ~ 3 x 10~25cm?3 /s

30 o
Mattia Di Mauro INFN



Ways to Detect Dark Matter — Make, Shake and Break

Proton Dark Matter Dark Matter Dark Matter
Proton Dark Matter Nucleus Nucleus
Make — collider production Shake — direct detection scattering
Dark Matter SM Particle
Dark Matter SM Particle

Break — indirect detection of annihilation

31
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Dark matter: gravitational evidence

Large halos around Galaxies
Rotation Curves
Rubin+(1980)

v(kmls)

Expected
from
luminous disk

Cmprises ajority of mss in Galxies
Missing mass on Galaxy Cluster scale |
(Zwicky (1937)) ' o 10

R(kpc)
Almost collisionless M33 Rotation Curve
Bullet Cluster
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e No Standard Model particle matches the known properties of dark matter

* Weakly interacting massive particle, or WIMP, among the most popular

candidate

— = ____ —

QO h? ~ 2. ™My
h 03.14¢eV’

E m, =My, +ml/2 +ml/3

* 0.1eV
2 ~ ~ 0.001.
(), h* ~ 03 140V 0.001

|
KATRIN analysis of tritium [3-decay results in an

upper limit of my<0.45 eV.
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Neutrino flux from dark Solar capture

For a one-species population, the most general one-zone evolution equation relevant here is

adN

dt

t 1 4
FA(t) = B tanh? [ — Teq — \/CCA A ) Vet = _ﬂ-Ri

=C(t) — Cg(t)N — C4(t)N~*

Vet 3

TABLE I. Central mass fractions used in the BS05(AGS,0OP)-based capture calculation. H, He, C, N, and O are read directly

— ey
s /‘/ from the Solar table. The remaining heavy-element values are the adopted surface normalizations multiplied by the common
// 7 oxygen radial-profile factor at the Solar center.
’ /
’ Ve Species H He C N O Ne Mg
X4 X 4(0) 0.36462 0.62029 7.79 x 107° 3.73 x 1073 6.06 x 1073 1.38 x 1073 7.76 x 10~*
/./ Species Si S Ca Ti Cr Fe Ni
: g X 4(0) 7.36 x 10~* 3.43 x 1074 7.14 x 107° 3.48 x 107° 1.85 x 107° 1.44 x 1073 7.82 x 107°
Species Zn Ge Pb U
X 4(0) 1.92 x 107° 2.65 x 10~ 9.46 x 10~° 5.57 x 1011
kin __ kin __ kin __
rkin — 0.438Rg, &P =0.418Ry, rE" = 0.364R.,
—— Ry,=0.0037R, —-- R,=0.05R, |
-—-- R,=0.017Ry - R,=0.2R¢ " " "
—7 K in __ in __ in __
10 1O|16 1O|18 ]_OIZO 1O|22 ]_OIZ4 TGe — 0321R®, T’Pb — 0151R®, TU — 0140R®
Co [s7']
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(Arcadit)

W

" Model and main Lagrangian

Scalar sector and mixing

r Yukawa interactions and 2HDM types W

e Two-Higgs-doublet model (ZHDM) extended
by a light pseudoscalar a and a singlet
fermionic dark matter y.

e A Z, symmetry stabilizes x and controls
the couplings of a.

£ —_ EEHDM + EEI ol LX + Eim

2HDM potential: Vogpy (P, Py) (soft Z; breaking)

1 1 v
Pseudoscalar a: ,.Ca = 53#{15”{1 _ 2 ?ngaz | tan 16 = ﬁ
I
Dark matter y: =x (i@ —m,)x CP-even
Interactions: o i ME . w08 ‘ L (125 GeV)
Lint = —igy aX71’X — ; — Yrafo'f || H i)
—______ A

e After electroweak symmetry breaking, the CP-even
states h and H mix with angle «.

e Physical states: h (SM-like, 125 GeV), H (heavy),
A (CP-odd from 2HDM) and a (light pseudoscalar).

® The pseudoscalars A and a mix with angle 6.

CP-even mixing (h—H)
| k= —5qRe(®Y) 4 coRe(P))
‘ H = coRe(®)) + s, Re(DY)

e The pseudoscalar a couples to fermions through
the ZHDM Yukawa structure.

e The coupling strength depends on the 2HDM type
and tan f.

e For DM phenomenology, a light a (m, ~ 1-10 GeV)

is favored.
CP-odd mixing (4—a)
{11=C5£1—S,9A ﬁyj—Z?yfaftTf
as = Spa + CHA /
(a) = a light, a; = A heavy) 2HDM type | u-type quarks | d-type quarks | charged leptons
Type 1 cot 3 cot 3 cot 3
CP-odd Type Il cot 3 tan 8 tan /3
Type X
@ (isht 1-10GeV) ||| Gepton-specificy| oL tamg
A ey ~EW) ||| TypeY
J (flipped) cot 3 tan 3 cot 3
ke —— =

" Relevant parameter space for the LZ interpretation

Main constraints used in the analysis

e Fermionic DM with mass m, ~ few hundred GeV.
e Light pseudoscalar a with m, ~ 1-10 GeV.
e Heavy 2HDM states H, A, H* typically at the electroweak scale or above.

Representative ranges:
mg =1 —10 GeV
m, = 100 — 800 GeV
my, ma, mp: = 300 GeV
tan 8 : 1 —50
mixing angle ¢ : small (light a mostly singlet)

Relic density: €, h* = 0.120 4 0.001 (Planck).
Direct detection: LZ (including the 248-keV event), XENONnNT, PandaX-4T.
Indirect detection: limits from gamma rays, cosmic rays and CMB.

Collider searches: [LHC searches for heavy Higgs bosons (H, A, H*), searches
for light pseudoscalars a (e.g. rare B decays, T decays, LEP, LHC).

Higgs and electroweak precision: Higgs signal strengths, oblique parameters,
flavor observables (e.g. B — Ka, B, — p™ ™), Z and W measurements.

e Theoretical constraints: vacuum stability, perturbativity, unitarity.
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UV Complete Pseudo-dirac DM in U(1)B
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LZ model mterpre-

TABLE S8. Local significance for O; models tested Dashed entries 1ndlcate that the observed event is not physical for those
WIMP mass and mass splitting combinations.

Local significance

. o Mass-splitting, § (keV) . o .
Interaction Mass (GeV/c”) 0 50 100 150 200 250 300 350 Table |S7| contains the local significance of the Lagrangian models tested, and Table S8 shows the same for the O;
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PQ origin electroweak dark matter

We consider the Standard Model (SM) Higgs doublet H, a complex SM-singlet scalar S that spontaneously breaks the PQ
symmetry, two left-handed Weyl doublets D,DC, a neutral singlet fermion N, and a vectorlike colored KSVZ pair Q, QC .

Fleld SU(3)C SU(2)L U(l)y XPQ Zz c y2
Liak = —MpD-D¢ — PSSNN —y NH-D + h.c Lot > —MpD- D"+ 2Mn (H-D)" + hc.
H 1 2 _|_1/2 0 4+ dark D 5 .C.,
S 1 1 0 +2 4+ DY + DO m
The QCD anomaly is generated by the KSVZ fermions through ~ O — | N
N 1 1 0 1 yisg y g X1L \/ﬁ + (MN> ,
D L 2 -2 41 - Lxsvz = —yoSQQ° + h.c.. oo ~i =P Lo(m ) N
DC 1 2 :-/2 _:- - \/§ MN ’
o, 3 1 -1/3 0 +
Q° 3 1 +1/3 =2 + °% ——- E; =248 +32.5keV &
| Nsig =1 (colored scale) \ude
3 350 —— |ceCube W+ W~ \CeCubeeXCU .......... s
2.4 5 0
T CQ(MD) € g X o0 ~—- IceCube tree level 0.3 &
X2—7X1Y 2 . 33
25675 M?2, :
Mp \*° /400keV \° E §°
Ty, > 1.61 x 10725 | —2 = oL =
1 TeV Oy < 400 =
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Il
0.03 Tx
G2 2
FH _
(T,f — XT ~ 7.43 x 10 39 Cm2 250 - 0.01
27T 200 400 600 800 1000 |
MD [GeV]

Yuan, arXiv:2609.08893, and An, arXiv:2609.17412 provides a distinctive distinct category from PQ-generated electroweak dark matter




Inelastic frontier: Discovering dark matter at high recoil energy
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Annual modulation

s g - e o a e o o e

Annual modulation can be strongly enhanced: endothermic scattering near threshold probes the fastest halo particles.
Large seasonal variations are possible: some LZ-compatible benchmarks predict modulation above 50%, with the
signal disappearing during part of the year.

The time dependence can distinguish models: the studied elastic scenarios typically predict smaller variations.
Predictions depend on the halo distribution: the high-speed tail and possible LMC contribution affect the modulation.

Additional events are essential: the single LZ candidate cannot establish an annual-modulation signal.

= pseudo-Dirac benchmark i 1.0 : I l ' ] ' l | ' l ' l ' j
101 - thermal Higgsino benchmark : —~ T
- == 16 June candidate ! E mDM=1 TeV -
----- 2 June canonical maximum
= \8_, 0.8 -
) 0 2 —
e 10 1 >
2 ! S I
S 1071 ¥ < -
~ 1 ! ‘
g Di Mauro ArXiv:2609.02608 § | g ! .
© I M— - 4
~ 1072 i 2 02F | 5=400 keV -
i &U : \ McCabe,arXiv:2609.04181:
_3 : 0.0 - ] ] ] | I I I I I I I
10 YR PR A 6 1Jun23 1Sep23 1Dec23 1Mar24
Day of year Date

41
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e Composite dark matter: A neutral bound state of dark quarks scatters through a dark-photon mediator.

e Suppressed low-energy recoils: Screening among constituent charges suppresses the interaction at
small momentum transfer.

* Enhanced high-energy response: The internal form factor can produce a harder recoil spectrum
without a mass splitting or boosted particles.

* Distinctive tests: Diffraction features shift between target nuclei, and additional recoils are predicted
above the current LZ energy window.
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