What is Dark Matter made of ?
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Disclaimer

If the Dark Matter is a it can naturally interact with the SM only gravitationally

DM can still be produced non-thermally

Hunting for DM in non-gravitational observables
one should keep in mind that there might be nothing to hunt for...
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Conversely the under the SM gauge group...
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Is Dark Matter Electroweak?
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1) SM+DM up to a UV cutoff Ay
2) 100% of DM in a single representation of SU(2)
Loy = (6", — M, )y*
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Is Dark Matter Electroweak?

DM SM

1) SM+DM up to a UV cutoff Ay

2) 100% of DM in a single representation of SU(2)

Loy = (6", — M, )y*

DM SM

* [ will focus on fermions but the same analysis was done for scalars



Plan

based on work with
S. Bottaro, D. Buttazzo, M. Costa, R. Franceschini, P. Panci, L. Vittorio
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3) Prospect for derived with
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to appear with

M. Baumgart, S. Bottaro, N. Rodd, T. Slatyer




Classification of EW Dark Matter

DM in a single representation of SU(2)

DM SM
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The full list of EW survivors

* real representations with Y =0

DM is Majorana

no tree level scattering with the SM

/7 9 11 13

pure minimal
Wino dark matter

* complex representations Y # 0 DM is pseudo-Dirac

Y S. Bottaro, D. Buttazzo, M. Costa, R. Franceschini, P. Panci, D.R. and L. Vittorio 2022 InelastiC Scatte ri ng With the S M
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splittings bounded from above by direct detection (h-exc.)
Higgsino below by direct detection (611) and BBN (6, )
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Freeze-out masses

EW WIMP thermal masses
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D.R, Bottaro 2023

Qh*=0.12 < {0, . v) =2.2-107%°cm’ sec™!
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Freeze-out uncertainties

mran’ }
ann v> ~ | EW WIMP thermal masses
. 1 6M )% | - Fermions
| * Scalar
depends on

for n > '/ the uncertainty is dominated
by UV NLO contribution to SE

» Cosmology uncertainty

= NLO uncertainty

for n < '/ by the approximate treatment

| of BSF cosmology

Iy 12, 13

D.R, Bottaro 2023




The real multiplets

|. Bloch, S. Bottaro, D.R., L. Vittorio 2024

1-loop +2 loop scattering with nucleons

can be tested

with 50 tonne of Xenon

CHALLENGE

20 5 - & suppress noise sources
mpm [TeV]

~0

Hisano, Matsumoto, Nojiri, Saito 2005
Hisano, Ishiwata, Nagata 2010




The real multiplets

1_100p +9 lOOp Scattering With nucleons |. Bloch, S. Bottaro, D.R., L. Vittorio 2024

can be tested

with

CHALLENGE

20 50 - ~ SUppress noise sources
mpwum [TCV]

~0 - ~0

Hisano, Matsumoto, Nojiri, Saito 2005
Hisano, Ishiwata, Nagata 2010

M. Baumgart, S. Bottaro, D.R., N. Rodd, T. Slatyer to appear
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Annihilation into photons: yy — y + X CTAO Reach for Real WIMPs
G can be tested

@ CTA (line reach is robust)

PRELIMINARY

are affected by large

M. Baumgart, T. Cohen, |. Moult, N. L. Rodd,
T. R. Slatyer, M. P. Solon, I. W. Stewart and V. Vaidya 2017
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SU(2) Representation

background systematics



The complex multiplets

|. Bloch, S. Bottaro, D.R. and L. Vittorio 2024

0.04 The 2, and the 3, have a EW xsec in direct detection

0 Qp
N T 2.00 0.04

which is below the neutrino floor

Real WIMPs

For the 4,,,,6,/,,8,, the EW contribution can cancel
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against the Higgs contribution.

Q
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0.3 GeV/em'
PDM

For the 5,,10,/,,12,,, can be tested by direct detection

| with less than 50 tonne-year
20
dftny |GeV]




Complex WIMPs are a target for future colliders

IndirGCt eﬁGCts: i — Gem my kn(n? — 1) ~ 8k x 10~7 (1 TeV)Q(E)3
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Future muon collider reach on deviation in
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Complex WIMPs are a target for future colliders

Indirect effects:

Lavoura, Li 1994

Cy C " Ol Y N3 - /n\3 [ 1 TeV )
_ tDH |2 WB_(pytTa a el g, ~1.2x 107 (1) FQu
geff N OCZSM | V2 |H DHl | /Vz (H I H)W b I sow Mpwm FQ . 2 Mpwm 10 GeV )’
88 Qo 35“?21\.1 + dpud 16 x 10-5 (n)3 5,u2QM + 8u
187 S5y my 2/ 100 GeV?
/\/\,.’\/‘\J - J. Fan, M. Reece, L. Wang 2015

LHC Prospect
ILC

TLEP-W

No sensitivity on S
Sensitivity @ FCC-ee on T because of the enhancement for large n

This seems something one can do with ~Tera-Z (systematics?)
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Light complex WIMPs can be produced directly

Delhaye, Diemoz, Long, Mansoulié, Pastrone, Rivkin, Schulte, Skrinsky, Wulzer, 2019

Direct production
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A hypothetical muon collider is the best machine to pair produce heavy new states

The muons are elementary so all the energy is available for hard scattering

Colored particles:
14 TeV pyu ~ 100 TeV pp

DM SM

14 TeV pyu ~ 200 TeV pp




Light complex WIMPs can be produced @ colliders

Direct production MET searches

\/; =6TeV, L =4 ab_l, Dirac 2,

0.5 1.0 1.5 2.0 2.5 3.0

S. Bottaro, D. Buttazzo, M. Costa,
R. Franceschini, P. Panci, D.R., L. Vittorio MX reach [TBV]




Light complex WIMPs are a target for colliders

Direct production Disappearing

Dirac 2/, DT reach
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Soft
Tracks

X% % production, w*w” collisions, Vs =3 TeV, 1 ab™

Disappearing Tracks Soft Tracks (this work)
—506 ---95% CL limit —506 ---95% CL limit
i [ Wino (10% Qh?) A 5-plet (1% Qh?)

95% CL limit
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Capdevilla, Meloni, Zurita 2024



Higgsino parameter space

S. Bottaro, D. Buttazzo, M. Costa, R. Franceschini, P. Panci, L. Vittorio 2022

Direct Detection + BBN

make the splitting parameter space compact
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Dark Matter Electroweak?

Is the

2+1) ----- oy (Lat. Sys.)

-
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EW WIMP thermal masses
« Fermions

4 Cosmology uncertainty







More on real WIMPs

scalars decay at dimension 5

S
| | | | | | | -
3 5 7F 9F 11F 13F unitarity bound n
1,
L = 5x(io" Dy — My)x
+
“Neutral component naturally lighter X A
AM AMIR — (167 T 4) MeV
XO v 1—Ioop._.~"4 } 2-loops
ozemf;zw Ck%
2(1+ cw) -~ 1672 e
o , 120 mm D
*Splitting UV independent Tt = T 1) 27"+ 1 =n macroscopic lifetimes for n small
*Accidental stability in field theory (for fermions n>3) decay at dimension 6

n; decay at dimension 7

“Perturbativity S5r Landau pole > stability cut-off

ngp Landau pole < stability cut-off

AMuyy ~ v* /Ay

UV splitting heavily suppressed



More on complex WIMPs

NO EFT

*Neutral component naturally lighter in multiplets with

: . : : : . Y4+ 1 —a a
otherwise a UV splitting beyond EW corrections is required for stability “5A XTI x| [HTU H}
_ 2Y Q) Y107 Q
omg = 166 MeV <Q2 + — 9W) -
y oy [ o® 2Y 29v° v\ 4Y —2
*Splitting required to make the tree-level Z scattering inelastic 2AY AT 2 [X (T%) xc] [(HC )71{] fhe —  Omo ¥ == X (K)

omy > BBN + direct detection



Signal rate:

Backgrounds:

Direct Detection reach

The scattering rate per energy per unit detector mass

2
U max

aft d°v

dER

/

# targets/unit mass DM number
Density

do -
vf(u. t
dEHbf(b, )

\

xsec averaged
on the velocity distr.

Px
= Np X
My

Umin

At present noise sources
dominate the background
(main problem is Radon contamination)

crystalline Xenon?

Q. Xia, and P. Sorensen 2022

The solar neutrino electron recoil events
leak into the signal region!

The total rate in the (S1,S2) channels in Xenon

dR
dER

'E(ER)'P(Sl, SQ|ER)dER

[

Efficiency* Probability of S1,S2 events
for given recoil energy*

R(Sl, Sz) - Exp'/

/

Exposure (ton - year)

*These are computed using NEST

LZ 2207.03764

S. Kravitz, H. Chen, R. Gibbons, S. J. Haselschwardt,

Source Expected Events Fit Result
B decays + Det. ER 215 = 36 222 + 16

v ER 27.1 £ 1.6 27.2 £ 1.6

8000 —
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4000 —
2000 { e anu
: ! | |
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Expected exclusion/discovery

- . The standard neutrino floor irreducible background
101 — Excluded by Existing Experiments . . .
= from atmospheric and DSN neutrinos lies below the
: electron recoil fog from solar neutrinos
D 0 _|
> 10 s Accounting for the electron recoil fog for the WIMPs
" m Targeted : : -
C - makes the required exposure for exclusion/discovery
% i much larger*
5 1071 =
" = atm v rate
- This effect is especially important for discovery
10-2 A SRR and gives O(1) factor in exposure for exclusion
10~1% 10° 101 10°

Exposure [tonne year]

* this effect is well know to Xenon experimentalists but somehow was never accounted for in the theory projections



Direct Detection rates uncertainties

0.6 mpu on (Nf=2+41) ----- on (Lat. Sys.) The uncertainty on the cross section coming from lattice
04- | : —— Astrophysics ----- Total (no astro) —— Total is of the same order of a generous
02- || =T | - T ) I - = = = = &l 1 Astrophysical uncertainty
| SHE B el T 1l T 1T | | | | | | obtained by marginalising over the parameters of three
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Large systematics (dashed line) originating from a tension in lattice data NVethod IRef . o Ref . -
TN MEC || [62] — 0.44(8)(5) xms || [61] |45.9(7.4)(2.8)| 40.2(11.7)(3.5)
m™N _ = _ _
= (fru+ fra) (Nlmgq|N) =myfr 62|  —  |0.637(55)(74) xm.
mn FHA | [64] [64.9(1.5)(13.2) — 60] | 38(3)(3) 105(41)(37)
. . : . 63] — 48(10)(15)
2 computation schemes: * Direct computation of the matrix element (MEC) 591 | 39(4)(2%) 67(27) (35

onty

* ~ 12
GﬂN ~ mﬂ. >
om;

this is sensitive to the functional shape of mN(m]%) extracted from baryonic chPT




Indirect Detection reach

~\

EW Dark Matter annihilating in our surroundings generate a high energy photon flux

X
d(I) m O’U The annihilation cross section has three components
— ) d(av) d(av) d(av) see previous papers by
87TM = 2(00)lined (1 — 2) | B t Rodd, Statyer et al.
dZ T (%Z —_ de ot aumgart nodaq, atyer et a
Line End-point Continuum

1019 L

— 2
The final flux depends on the DM distribution in the galaxy” Jre) = /QROI dsdftp™(r(s, 2), 7c)

J [TeV?/cm®]

0 < 5°
b] < 0.3°

Qroi {

*focus on the Galactic Center
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Details of the H
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