So, is this “dark matter”
in the room with us right now?
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1. The main idea

The anomalous magnetic moment of the muon: a;, = (g — 2),/2

Overview about the current experimental and SM (theory) result:
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with an updated SM prediction (2023)
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The MSSM

Standard particles SUSY particles

ot s
kA C
P o
da s

III,. VE‘;.-‘ -"fl'"!_.l;an*lh_ ¥

we i L

H*ﬁ:.._,..:"’J \{E"lj -

o Quarks o Leptons o Force parlicies Squarks ._h,_',?' slepions G SLJE‘:* force
partcies

= large uncolored / EW sector

charginos/neutralinos: My, M», u, tanpg

Sleptons: M~L, MTR (for now equal for all 3 generations)
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SUSY can easily explain the deviation in ay:

Feynman diagrams for MSSM 1L corrections:

— Diagrams with chargino/sneutrino exchange
— Diagrams with neutralino/smuon exchange

. 2
Enhancement factor as compared to SM: SM. EW 1L % ]\77;_5
~0 ~ . MSSM, 1L: & £ % tan
p—X9 —fa : ~my tanp ™ M2 b
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The main idea:

— scan the relevant EW SUSY parameter space

— impose all relevant experimental constraints:
— (9 — 2)#
— Dark Matter relic density
— Dark Matter direct detection
— LHC searches for EW particles

— Dark Matter relic density requires a mechanism to reduce the density
in the early universe
— bino/wino DM with chargino co-annihilation
— bino DM with slepton co-annihilation
— higgsino DM
— wino DM

— obtain lower and upper limits on the various EVWW particle masses

— evaluate the prospects for future searches: DD and Future Colliders
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(g — 2), constraint: (GM2Calc)

old: Aaf? = (25.1£5.9) x 10710
new: Aaf® = (24.9+4.8) x 10~ 1°

= all results for Aaf'd(= Aay)

Dark Matter relic density: MicrOmegas

Qcpmh® = 0.120 £ 0.001
or Qcpmh? < 0.122

(as taken from [Planck '18] )

Dark Matter direct detection: MicrOmegas
limit on spin independent scattering cross section (XenonlT)
[Xenon collab. '18] = LZ update yield no qualitative change
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Results for (nearly) all SUSY scenarios

A) bino/wino DM with chargino co-annihilation (M1 ~ Mo> < 1)
relic DM density 100% fulfilled

B/C) bino DM with slepton co-annihilation (M < Mo, 1)
relic DM density 100% fulfilled

D) higgsino DM: m-g ~ m-o ~m-+ ~pu (= My, M>)
X1 X2 X1

relic DM density as upper limit (otherwise Mo~ 1 TeV)
1

— m(N)LSP § 500 GeV

E) wino DM: M0~ Mot ~ My (Mo < My, 1)

1 1

relic DM density as upper limit (otherwise Mo~ 3 TeV)
1

— m(N)LSP § 600 GeV

= predictions for future experiments?!
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2. Prospects for Direct Detection Experiments
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A) Bino/wino DM with chargino co-annihilation

Parameter scan:

100 GeV < M7 <1 TeV,
My < My <1.1M;y,
1.1M71 < < 10M7,
5<tanpg <60,
100 GeV <mj7 <1 TeV,
(latter condition only to make the analysis simpler, no relevant effect)

relic DM density can be 100% fulfilled
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Results in the m.g-o>! plane:
xi P
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1

— large part covered by XENON-nT /LZ
= but can go below even the neutrino floor
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B/C) Bino DM with slepton co-annihilation

Parameter scan:

100 GeV < M7 <1 TeV,

My < My < 10M;

1.1M1 < pn < 10M7,

5<tanpg <60,

Case-L: My <mjy < 1.2Mjy, My <mp < 10Mj.

Case-R: Mq < mp < 1.2M-, My < my < 10M;,.

relic DM density can be 100% fulfilled
= mN)LSP S 650(700) GeV
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B/C) Bino DM with slepton co-annihilation

Parameter scan:

100 GeV < M7 <1 TeV,

My < My < 10M;

1.1M1 < pn < 10M7,

5<tanpg <60,

Case-L: My <mjy < 1.2Mjy, My <mp < 10Mj.

Case-R: Mq < mp < 1.2M-, My < my < 10M;,.

relic DM density can be 100% fulfilled
= mN)LSP S 650(700) GeV

= funny that nobody ever complained here ...
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Case-L: results in the m)zo-agl plane:
1

£ W Correct relic abundance
100 200 300 400 500 600
mo (GeV)

— large part covered by XENON-nT /LZ
= but can go below even the neutrino floor
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Case-R: results in the m)zo-agl plane:
1

# Correct relic abundance

100 200 300 400 500 600 700
meo (GeV)

— large part covered by XENON-nT /LZ
= but can go below even the neutrino floor

Sven Heinemeyer — Second ECFA Workshop on e+e- Higgs/EW/Top factories (Paestum), 12.10.2023 13



D) Higgsino DM

Parameter scan:

100 GeV < u < 1.2 TeV,
1.1p < My < 10p,
1.1M> < p < 10p,

5<tanpg <60,

100 GeV < my, Mg < 2 TeV,

:}m,,, ~ ML~ ~ ML~ Y
MRy Mgy A

Full DM relic density reached only for Mo ~ 1 TeV
1

= incompatible with (g —2),
— m(N)LSp SJ 500 GeV
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Results in the m.g-o>! plane:
xi P
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= everything covered by XENON-nT/LZ
= Direct Detection experiments cover the full parameter space

Sven Heinemeyer — Second ECFA Workshop on e+e- Higgs/EW/Top factories (Paestum), 12.10.2023 15



E) Wino DM

Parameter scan:

100 GeV < M> < 1.5 TeV,,
1.1M> < My < 10M> ,
1.1M> < < 10M> ,
5<tanpg <60,

100 GeV < my, Mg < 2 TeV,
= mjz(f ~ mﬁ_u ~ Mo

Full DM relic density reached only for meo ~ 3 TeV
1

= incompatible with (g —2),
— m(N)LSp SJ 600 GeV
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Results in the m.g-o>! plane:
xi P
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= everything covered by XENON-nT/LZ
= Direct Detection experiments cover the full parameter space
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3. ILC/CLIC come to rescue

Scenarios A/B/C:
partially(!) covered by XENON-nT /LZ
but can even go below even the neutrino floor

(HL-)LHC has naturally problems becaus of compressed spectra
(HL-)LHC must go for heavier particles

compressed spectra ‘“easy’ for ete™ colliders
physics opportunities for ILC/CLIC?!

L i el

Scenarios D/E:
— everything covered by XENON-nT /LZ
= Direct Detection experiments cover the full parameter space

= what can be learned at ILC/CLIC?

— ILC and CLIC physics opportunities (in the light of (HL-)LHC ...)
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(HL-)LHC cross sections for if-coannihilation (non-compressed):
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— XS above 0.4 fb = more than 1200 events

= even better for “"BNF"’ points: XS above 1 fb

But: detailed (HL-)LHC analysis missing! (spectra not too compressed!)
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ILC1000 cross sections for )’Zf-coannihilation (compressed):

c(e’e — SUSY) [pb]

= ILC1000 can cover everything!
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(HL-)LHC cross sections for [-coannihilation case-L (non-compressed):
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= XS above 0.01 fb = more than 30 events
= no improvement for “BNF" points!
= high-energy ete~ collider needed (CLIC3000)!
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ILC1000 cross sections for [-coannihilation case-L (compressed):
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= ILC1000 can cover everything!
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(HL-)LHC cross sections for [-coannihilation case-R (non-compressed):
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= XS above 0.04 fb = more than 120 events
= very good for “BNF" points: XS above 10 fb
But: detailed (HL-)LHC analysis missing! (spectra can be compressed!)
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ILC1000 cross sections for [-coannihilation case-R (compressed):
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= ILC1000 can cover everything!
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Compressed spectra at current and future colliders
Higgsino, wino and bino/wino DM:

- — HL-LHC 3/ab 14 TeV (Soft Lepton A) - ~ CLICsi0 -
— HL-LHC 3/ab 14 TeV (Soft Lepton B) FOC b mosiojet:
[ HE-LHC 15/ab 27 TeV (Soft Lepton B) f— . 1
L e FCC—hh (HE-LHC approx. rescaling) * Bino-Wino
—— ILCspn * Higgsino
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[ ormemamen CLIC 500 - ]
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— current searches relevant m(NLSP)

— HL-LHC searches can cover some part of the parameter space
— ILC/CLIC needed to cover these scenario
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4. Conclusinos

e (g —2), is real = (relatively) light EW particles = focus on MSSM

e = scan the EW sector of the MSSM with all constraints:
(9 —2)u, DM relic density, DM DD, LHC EW searches
= upper limits on EW masses = evaluate prospects for DD/FCs

e A) bino/wino DM with chargino coann. (DM full): M(N)LSP S 650(700) GeV
B/C) bino DM with slepton coann. (DM full): m\y_sp < 650(700) GeV
D) higgsino eDM M0 ~ Mgg ~ Mgk ~ [ (DM u.l.): m\yLsp S 500 GeV

E) wino DM M0 ~ Mok ~ My (DM u.l.): myyLsp < 600 GeV

e Direct Detection prospects:
— bino/wino DM with )’Zf—coann., bino DM with [-coann.:
allowed points go below Xenon-nT /LLZ and even neutrino floor
— higgsino/wino DM: DD experiments cover everything

e Interplay with FCs: DM < compressed spectra = pp -( , ete -)
below X-nT/LZ: HL-LHC: ¢ 2 0.5 — 0.1 fb = prospects unclear
ILC1000: can cover everything easily
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5. The missing channel
B/C) Bino DM with slepton co-annihilation

Parameter scan:

100 GeV < M7 <1 TeV,

My < Mz < 10M;

1.1M1 < < 10M7,

5 <tanp <60,

Case-L.: My <mjy < 1.2Mjy, My <mp < 10M;.

Case-R:  Mj <mp <1.2My, Mqp<mz<10M;.

relic DM density can be 100% fulfilled

= funny that nobody ever complained here . ..
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Potential problem:

Slepton co-annihilation directly linked to (g —2),

= Slepton mass parameters chosen identical for all three generations

= what happens if stau co-annihilation is chosen,
and no directly link to smuons contributing to (g — 2), is made 77

Parameter scan for stau co-annihilation:

100 GeV < M; <1 TeV,
1.1M7 < M, < 10M7 ,
1.1M; < u < 10M;
5<tanpg <60,

1.1M; <mjp,mp < 10M7
A2 <7.5(m2 +m2 ) — 342,

Stau-L/R:  M; <mz < 12My, M <mg, <10M.
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Stau co-annihilation case-L.: [M. Chakraborti, S.H., I. Saha, PRELIMINARY]
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— m(N)LSP rg 550 GeV

= higher M50 & smaller Amzq
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Stau co-annihilation case-L.: [M. Chakraborti, S.H., I. Saha, PRELIMINARY]
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= My, S < 800 GeV (only ~ 100 GeV hlgher than for fiq-coannihilation)
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Stau co-annihilation case-L.: [M. Chakraborti, S.H., I. Saha, PRELIMINARY]
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Stau co-annihilation case-R: [M. Chakraborti, S.H., I. Saha, PRELIMINARY]
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— m(N)LSP S 550 GeV
= Stau-L and Stau-R effectively identical in all respects

= will only show Stau-L from now on
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Stau co-annihilation case-L.: [M. Chakraborti, S.H., I. Saha, PRELIMINARY]
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= large part covered by Xenon-nT/LZ

= but can go below even the neutrino floor (in particular for M0 2 500 GeV)
1
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Stau co-annihilation case-L: DD/HL-LHC complementarity: [PRELIMINARY]

points below LZ limit:
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= possibly in the kinematic reach, but compressed spectral

— ILC/CLIC?

= too heavy for ILC1000 :-(
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Stau co-annihilation case-L: DD/HL-LHC complementarity: [PRELIMINARY]
points below LZ limit:

00100 - !

= 0.005] %, ?

(Pp
o
X
S
o

* f;fl: points below Xenon-nT/LZ 5

* [, 1 : points below the v—floor .

1.x 1074 | | | | .
300 400 500 600 700
m; (GeV)
L

= possibly in the kinematic reach, possibly outside

= prospects unclear
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Stau co-annihilation case-L: DD /HL-LHC complementarity: [PRELIMINARY]
points below LZ limit:

1_ - . - T - T : — ]

| N |
L4 3

=
=)
o
e
¥
el

[—
-
(=]
K_ "
ey,

o (p p - SUSY)(pb)
o

- -

" Xy X;: points below Xenon-nT/LZ

o

H® X4 xg: points below Xenon-nT/LZ

* *

* X1 X;: points below the v—floor . : .

1079 * X1 X3: points below the v-floor 1

500 1000 1500 2000 2500 3000
m. + (GeV)

= possibly in the kinematic reach, possibly outside

= prospects unclear
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LHC searches: (as given for Simplified Model Spectra (SMS))

Decay via sleptons (3l)

XTRS = (Fv)TI) = 31+ By,
XTRS = (F)ITI7) = 31+ Fr (5)

Decay via sleptons (21)

XTx7 = M) v) = 20+ P,
XTxT = (D)D) = 20+ Br (6)

Decay via gauge bosons

%3 - wiD2zxY) = 31+ Fr (7a)
i3 = WD) (ZXY) — 20 +jets+ B, (7b)
TFxr o DWW 1) = 20+ Br (8)
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Decay via Higgs bosons

3178 = WD (R — 14 bb + By (9)

l-pair production (21)

T — ATDARD) — 20+ pr (10)

Compressed spectra

TR — WD(Z*R) — 20+ Fr +ISR,  (11)
T = DY) = 204+ pp +ISR (12)

Searches involving Staus

= all newly included into CheckMate [M.C & I.5/]
Exception: compressed spectra = direct application
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LHC exclusion bounds (I) (as given for Simplified Model Spectra (SMS))

1400
1200
1000, Ty
g 800 5
é 600 Fig. 14(c)-Ref. [49]
- — — Fig. 8(c)
— — — Fig. 8(a) . JRef. [42]
400 — — = Fig. 8(d)
—— Fig. 7(a)
? I ;; Fiz. 7(b) >R°f' 431
200 "o 6 — Ref. [46]
. | |
200 400 600 800 1000
m-o (GeV)
1

= all newly included into CheckMate [M.C & 1.5/]
Exception: compressed spectra = direct application
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LHC exclusion bounds (II) (as given for Simplified Model Spectra (SMS))

800
700
600
E 500
~ 400

300 —— Fig7() - Ref. [43]

— — — Fig 8(b) - Ref. [42]
200

/ Eq.(12) Fig.16(a)- Ref. [49]

| | | |
IOPOO 200 300 400 500 600

= all newly included into CheckMate [M.C & 1.5/]
Exception: compressed spectra = direct application
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LHC exclusion bounds vs. HL-LHC exclusion bounds

not all channels available [YR18]
1400 1500
1200 1300~
- S -2 Eq.(9)
« 1100
> 900
.f"') <) |
y oy —Fig.2.2.15
— Fig. 14(c)-Ref. [49] S 700 e R \
- - — Fig. 8(c) | Ref. [104]
— — — Fig. 8(a) >Ref. [42) 500f Fig.222 /
HL LHC
Uiz 6 — Ref, [46] 95 9% Exclusion Limit
| | 100 | | |
200 400 600 800 1000 400 600 800 1000
m.o (GeV) m.o (GeV)
1 1

= exclusion reach can be important
= no CheckMate inclusion available . ..
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