Has the LHC ruled out supersymmetry?
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1. Motivation

The MSSM

Standard particles SUSY particles

o Quarks ° Leptons

o Force parlicles Squarks W) Sleptons -,} SUSY force
particies

= large uncolored / EW sector

charginos/neutralinos: My, M»>, u, tanpg = Dark Matter candidate: 52(1)
Sleptons: MTL, MZ'R (equal for all 3 generations, or different 1.2. vs. 3.)
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Amazing feature of the MSSM:

Unification of the Coupling Constants
in the SM and the minimal MSSM

1/a.

60 /oy R =

= SUSY is naturally imbedded in a Grand Unified Theory (GUT)
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Unification at the GUT scale:

My=300 GeV, M, ,5=100 GeV, Ay=0

400

300

200

100

Sparticle Mass (GeV)

Q (GeV)
= ("usual”) GUT prediction: M{ ~ M5 /2 ~ M3 /6 with M3z =
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Many options for the correct relic density:

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

B/C) bino DM with slepton co-annihilation (M < M», 1)
relic DM density 100% fulfilled
= two cases: all 3 generations degenerate vs. 3rd generation independent

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

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

E) wino DM: m)zo ~ mii ~ Mo (MQ S Ml,,u)
1 1
relic DM density as upper limit (full relic density: Mo ~ 3 TeV)
1

GUT-based scenarios: M1 ~ Mo /2 ~ M3 /6
= only possible for B/C and D

mg > 2 TeV = My ~ My /2 > 350 GeV
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2. Evidence for low-energy SUSY?!

The reports of my death have
been greatly exaggerated.

~ Mark Twain
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EW SUSY searches at the LHC: what is excluded??

ATLAS Preliminary
Vs =13TeV, 140fb~', EWKino scan

ATLAS exclusion fraction after non-DM external constraints
1 1 I 1 1 1 I 1 1
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EW SUSY searches at the LHC: what is excluded??

Only this one is actually excluded !

ATLAS Preliminary
Vs =13TeV, 140fb !, EWKino scan

ATLAS exclusion fraction after non-DM/external constraints
1 1 I i 1 1 I 1 1
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= Our “models” predict low chargino/neutralino masses

Possible search channels:
— pp = XiX: + X
— pp — K359 = X3S + H/Z
~0 ~+ ~ ~
— pp — XoX1 — X§H/Z W=
o ~ ~— ~Ow—|— ~Ow—
PP — X1 X1 — X1 X1

Possible kinematic situations:

— non-compressed spectra: on-shell decays to H/Z, W=
— compressed spectra: off-shell decays to ~Z, W
— light sleptons that appear in the decay chains
— heavy sleptons that are absent from the decay chains

= only one of these kinematic situations can be realized
= only one of them should show up in the LHC searches

Sven Heinemeyer — IDM 2026 (Zaragoza), 01.06.2026



= Our “models” predict low chargino/neutralino masses

Golden mode at the LHC:

~()
P X2 B
b %i

= experimental results?
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Results: “compressed” spectra w/ heavy sleptons:

CMS 129137 fb"' (13 TeV)
pp — ifig E:ig my=(mye+mye)/2 (Higgsine simplified)
M, X M <0, NLO-NLL exclusion
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Results: “compressed” spectra w/ heavy sleptons: one more CMS analysis:

BUCMS 129-137 fb™' (13 TeV) — T
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Emergence of a discovery: [W. Waltenberger '26]

SModelS database v3.1.1, all topologies, all analyses

1 ewkino and darkmatter searches and massdegenerate
100 - | all other searches

80 1 N
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Consistent excesses point towards:

— m-o ~ m-+ 2 200 GeV
X2 X1
— Am = m}zg — m}z(l) ~ O (20 GGV)
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Consistent excesses point towards:

— m-o ~ m-+ 2 200 GeV
X2 X1
— Am = m}zg — m}zcl) ~ O (20 GGV)

A) wino/bino DM with chargino co-annihilation (M| ~ M> < 1)
relic DM density 100% fulfilled
Never: My ~ M» /2 |= not GUT-based

D) higgsino DM: m-g~m-o~m-+ ~pu (= | M|, M>)
X1 X5 X1

relic DM density as upper limit (full relic density: Mo ~ 1 TeV)
1
Possible: My ~ M5 /2 |= can be GUT-based
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Consistent excesses point towards:

— m-o ~ m-+ 2 200 GeV
X2 X1
— Am = m}zg — m}z(l) ~ O (20 GGV)

A) wino/bino DM with chargino co-annihilation (M| ~ M> < 1)
relic DM density 100% fulfilled
Never: My ~ M» /2 |= not GUT-based

D) higgsino DM: m-g~m-o~m-+ ~pu (= | M|, M>)
X1 X5 X1

relic DM density as upper limit (full relic density: Mo ~ 1 TeV)
1
Possible: My ~ M5 /2 |= can be GUT-based

= can they fit the excesses?
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Consistent excesses point towards:

— m-o ~ m-+ 2 200 GeV
X2 X1
— Am = mig — m)-z(l) ~ O (20 GeV)

A) wino/bino DM with chargino co-annihilation (M| ~ M» < )
relic DM density 100% fulfilled
Never: My ~ M» /2 |= not GUT-based

D) higgsino DM: m_o~m_-.o ~m-+ ~ p (< |Mq|, M>)
X1 X5 X1

relic DM density as upper limit (full relic density: Mo ~ 1 TeV)
1
Possible: My ~ M5 /2 |= can be GUT-based

= can they fit the excesses? = Analysis: [M. Chakraborti, S.H., I. Saha '24]
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Consistent excesses point towards:

— m-o ~ m-+ 2 200 GeV
X2 X1
— Am = mig — m)-z(l) ~ O (20 GeV)

A) wino/bino DM with chargino co-annihilation (M| ~ M» < )
relic DM density 100% fulfilled
Never: My ~ M, /2 |= not GUT-based| Excess fit: YES

D) higgsino DM: m_o~m_-.o ~m-+ ~ p (< |Mq|, M>)
X1 X5 X1

relic DM density as upper limit (full relic density: Mo ~ 1 TeV)
1
Possible: My ~ M> /2 |= can be GUT-based| Excess fit: No

= can they fit the excesses? = Analysis: [M. Chakraborti, S.H., I. Saha '24]
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Consistent excesses point towards:

— m-o ~ m-+ 2 200 GeV
X2 X1
— Am = m}zg — m}z(l) ~ O (20 GGV)

A) wino/bino DM with chargino co-annihilation (M| ~ M» < )
relic DM density 100% fulfilled
Never: My ~ M, /2 |= not GUT-based| Excess fit: YES

D) higgsino DM: m_o~m_-.o ~m-+ ~ p (< |Mq|, M>)
X1 X5 X1

relic DM density as upper limit (full relic density: Mo ~ 1 TeV)
1
Possible: My ~ M> /2 |= can be GUT-based| Excess fit: No

= can they fit the excesses? = Analysis: [M. Chakraborti, S.H., I. Saha '24]

Solution?
= go beyond the MSSM: add a singlet: NMSSM
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3. Solution for GUT-based scenarios
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Our model: NMSSM  (Z3 invariant NMSSM)

MSSM Higgs sector: Two Higgs doublets

g - (Hll>:< +(¢1+i><1)/\5>
Hf é1
= (12)=( s ortoroz)
’ H32 + (62 + ix2) V2

Vo= (mi+p PH A+ 3+ [2)HoHy — mis(eqpHPHS +h.c)
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Our model: NMSSM  (Z3 invariant NMSSM)

NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
Hy, — (H% ) _ (vl+(¢1+i><1)/\/§>

Hf 1
e (B
’ H3 vo 4 (o +ix2)/V?2

S

Vo= (M35 + [g\S|2)H1 Hy + (M3 + |AS|?) HoHo — m35 (e HYHS + h.c.)

>
g<+ g° 2

— — g —
+ (H1Hy — HoH5)? + 5 |H1H>|?

K
+ MeapHTHB) + 1572 + m3|S|1% + (AN (eapHT HB)S + ZAxS® + h.c.)

Free parameters:
N, K, Ak, Mg+, tan B, peff = Avs
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Higgs spectrum:

CP—even : hq, ho, h3
CP—odd :aq,an
charged : H"‘,H‘

Goldstones : GO,G+, G

Neutralinos:

M — Heff
compared to the MSSM: one singlino more

~0 ~0 ~0 =0 =0
— X1 X2 X37 X4, X5

= make the LSP singlino-like = avoid DD bounds

:>,LL§M1NM2/2NM3/6 (M3:m§22TeV)
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NMSSM parameter scan:

singlino/higgsino: singlino DM with higgsino dominated )‘(’313, X5

1000 GeV < 2 x My = My, = M3/3 <2000 GeV , 150 GeV < |u| < 300 GeV
1000 GeV =m; =m;, , A.=A,=A4,=0,
5000 GeV = MQL? — MaRijngng ) Au,d,c,s =0 )
3000 GeV = My, = My 5., Ay =0, 5000 GeV < A; < 8000 GeV ,
—0.7<k<07, 0<A<d, 05<tanp <50,

5 GeV < A, <5000 GeV ,  —1000 GeV < A, <1000 GeV .

M, =1/2Mo=1/6 M3 > 500 GeV

= mg > 3 TeV - safe from LHC limits
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Constraints:

— LSP singlino component > 90%

— DM relic density (MicrOmegas)

— DM direct detection limits (MicrOmegas)

— BSM Higgs search bounds (HiggsBounds)

— LHC Higgs boson rate measurements (HiggsSignals)
— flavor constraints (naturally fulfilled)

— LHC SUSY search limits

= red points are in agrement with all constraints and the excesses
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Take bounds from:

Results in NMSSM with singlino-higgsino LSP

20.0 4
17.5 1
DM OVIiRABUNDANT
15.0 A
Q2 =0.12+20%
'%‘ 12.5 A P UNDERABUNDANT
S,
52
2
2§ 10.0
g
4
7.5 1
®
5.0 4
2.5 4
160 170 180 190 200 210

=== ATLAS 3¢ expected
—— ATLAS 3¢ observed
ATLAS 2¢ expected
ATLAS 2¢ observed

M [GeV]

ATLAS 2¢ best point
ATLAS 2¢ second-best point
CMS monojet best-fit point

% CMS monojet most significant point

Sven
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higgsino(—): mjzo—Am plane with LHC bounds included:
2

20.0
e ibat AL : — ATLAS 21 2404.12423
17.5 AR —— ATLAS 31 2404.12423
15.0
; 12.5
O
O,
~ 10.0
(|
&
<l 75
5.08
2.5
0.0% :
160 180 200 220 240
myo [GeV]
@  Starting sample ¥  +Qr24+DD @® L 0r2DDNT+HB @ QL2 {DD4NTHHBHES+10 < Amd, < 35
® _op @® _0n2+DDNT +Qh2+DD4NT+HB+HS @ QR LDDNTHHB+HS+10 < Am] < 35 + LHC pp — 537

Amoy1 = Mg — Mo = correct mass region to fit the excesses, Am perfect!
2 1
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higgsino(—): more than one Am:

14r

12

10 [

Amgg [GGV]
o0

160 180 200 220 240 260
my [GeV]
Amzo 1= M0 — M0 = large mass gap, better for the excesses

3 2
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higgsino(—): more than one Am:

0 T T T T T

Amgi [GGV]

160 180 200 220 240

myg [GeV]

Amoy = M0 — mii = large mass gap, better for the excesses
2 1
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higgsino(—):production cross section at the LHC:

16
15
14
3
= 13"
= .
< 0 2
0.9 'f'r‘
11| oo ¢
0.7%:—
0.6 g_
10+ e

175 180 185 190 195 200
m.o (GeV)

Amoq = mso — m)'Zol = lower masses fit well the expected cross section
2 1
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higgsino(—): DM relic density:

10°¢ ——————— —————1
10_1;
- .
G o 3
10-2F <Ot
—3 1 i 1 1 el I 1 1 1 a1
W o 10° 10!
Amm [GGV]
Amoq = M0 — Mg = larger mass gap favors full relic density
2 1
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higgsino(—): predictions for DD experiments

10—44 .
10—46 I-
£ 107°E=S——==
8 L .
0 %
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—— PandaX-4T 2025 ,; ‘
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s KT : : e e ¥ A
v-fog (Xe) : .
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= good prospects for next round of DD experiments
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higgsino(—): Singlet components of light Higgses:

1.0 —
0.8}
0.6}
o o
- 2
ta A
0.4}
0.2f
O.? v R 0-9 1 i M 1 1 1 ) 1 1
22 123 124 125 126 127 128 00 120 140 160 180 200 220 240
mp, [GeV] mp, [GeV]
@ Startingsample @  {QA24DD @ L OR24DD4NT+HB @® 02 DDINTIHBIHSH10 < Am¥, < 35
® .o ® oDt @ L0244 DDNTHEB+ES @ 4OR24DDANTHHBHHSH10 < Am¥, < 35 + LHC pp — ¥35%3

= interesting prospects for light second Higgs?

= SO far in agreement with all bounds!
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4. Conclusinos

e For the first time consistent excesses in ATLAS and CMS in SUSY
searches have been observed.

~0 ~+ - -
o pp — X9X7 — X1 Z* XIW*

with m-g =~ m -+ 2 200 GeV, Am ;= m-~0 — m~o ~ 20 — 25 GeV
X2 X1 X2 X1

e MSSM wino/bino DM with chargino co-annihilation (|Mq| ~ M» < )
Never: My ~ M, /2 |= not GUT-based| Excess fit: YES

MSSM higgsino DM: m_g ~m_.o ~ m-+ ~pu (< [Mq], M>)
X1 X X1

Possible: My ~ M> /2 |= can be GUT-based| Excess fit: No

e Solution: NMSSM = LSP singlino like = avoid DD bounds

= S My~ M /2~ Mz /6 (M3z=mgz22TeV) |= GUT based

— mass gap(s) well described Excess fit: YES
— interesting prospects for next round of DD experiments
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A) Wino/bino DM with chargino co-annihilation

Parameter scan:

100 GeV < |M;| < 400 GeV ,
[Mq| < My < 1.1| My,
L1.1|M7| < p < 10| Mq],
2 <tanpg <60,
100 GeV <mj7 < 1.5 TeV,
mp = my .
(latter condition only to make the analysis simpler, no relevant effect)

wino/bino(+): My xu >0
wino/bino(—): M1 x u <0
relic DM density can be 100% fulfilled

(original scan assuming a 5o deviation in (g —2),)

Sven Heinemeyer — IDM 2026 (Zaragoza), 01.06.2026
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wino/bino(+): results in the mXO-Am pl
2

ane:

win

40 -

>
F “-_\_‘-v

" »
L
. M - v
s K . v
&
i -

35 LN
; .Q'.'nz. [ .
G) ° P
o 30 " SR
e Ty .
E aa
| 25 .
£
Il
20
5
(Q—Z)p
15 s (g—2)u+Qh?
(g —2),+Qh?+DD
*x Excess
10

o/bino(+)
B AP

A .

—— ATLAS (observed+1loy)
—— CMS (observed+1ow)

200

300 400
mys (GeV)

= excesses not fully at the same Am ...

= but many "good points’ at Am ~ 20 GeV

500 600
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wino/bino(+): limits on slepton masses:

wino/bino(+)

1000
900
'Y
800 N
e ® . »
p 3 "Rh . S a
7001, A0 al SR B A u -, -,
2 600+
e :
S 500 -1
&
400
N All
300 (9= 2
(g —2),+ Qh?
200 (g —2),+Qh2+DD
» EXxcess
100 ] 1 T L] L] L] |
100 200 300 400 500 600 700 800

myo (GeV)

= no limits on slepton masses (as expected)
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wino/bino(+): LHC cross sections:
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= for lower massess XS have roughly the size required by excesses
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wino/bino(+): direct detection prospects:

wino/bino(+)

(g—2),+Qh?+DD
» explains excess
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a
=2
o
©
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= wino/bino(—l—)/ﬁE co-annihiliation will be covered by XENON-nT /LZ
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wino/bino(—): results in the miO-Am plane:
2
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= ATLAS/CMS excesses agree better in Am than for wino/bino(+)
= but many "good points’ at Am ~ 25 GeV
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wino/bino(—):

limits on slepton masses:

wino/bino(-)
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= no limits on slepton masses (as expected)

350

400
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wino/bino(—): LHC cross sections:

50,
45
S 40
= r
O
2235 ,
§ | T ) ® wino/bino(-)
& gl (00050 (o0) |-
§ 30. : pp x:; p
I "
1 1.0
E 25 00
| " o8
20; . e 0.4
0.2

500 250 300 350 400 450 500
m/\:g (GeV)

= for lower masses XS have roughly the size required by excesses
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wino/bino(—): direct detection prospects:

wino/bino(-)

10~
LZ
10—10 o
: "*. **
At
** :** A ** el *
10-11 oty _Xenon-nT_|
= IR
£ 1012 . floor o
Q.b Y s — e m—
10753
10714
] (g —-2),+Qh?+DD
» explains excess
10_15 1 1 I I | T
200 250 300 350 400 450 500

100 150
myo (GeV)

= wino/bino(—)/;’dE co-annihiliation will be covered by XENON-nT /LZ
= |[ow mass points now excluded = would have been a problem for DD
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D) Higgsino DM

Original parameter scan: (M7 x u > 0)

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

5<tanpg <60,
100 GeV < mjz,mp <2 TeV,
ém)z(l)wmigwmifw,u

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

= incompatible with a 50 deviation in (¢ —2),
= m(N)LSp S 500 GeV

Sven Heinemeyer — IDM 2026 (Zaragoza), 01.06.2026

37



Results in the mjzo—Am plane with old DD bound: [2021]
2
all
s (g=2),+0h?
(g—2),+Qh?+DD
* (9-2),+Qh?+DD + LHC HIGGSINO
0
1900 200 300 400 500 600
mys (GeV)
= direct detection is the limiting factor on Am
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Results in the mjzo—Am plane
2

20

Higgsino
S
@
©
<10
&
|
R
= 8
Il
g -
6 %
& 300 350

= excess not fitted :-( = DD cuts away the “good points”

[PRELIMINARY]
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Problematic diagram for higgsino DM DD:

|
|
Y O
|
I

; . .
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Problematic diagram for higgsino DM DD:

X \/ X

|

l I
Y @

|

|

; ety .

é=h, H
= cancellation possible for u x M1 < 0 (“blind spots”)
= new scan with M; <0
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New scan with M1 x u <O

—190 GeV < M; < —1500 GeV
My =2 TeV

—2M; tan 3 ms
" 4+ 3 tan2 B’ = m,
b< tan g < 50,
190 < M4 <1200
2M, < mi, , Mi, < 1500 GeV |

14

Condition on pu and My: exact blind spot conditions

relaxed blind spot condition: scan up to u/|M;1]| <1
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New scan with M1 x u <O

50- higgsino(-)
4.5 180+ 5 «  Qh?
- 37 i . Qh?+DD
=X |
204 %F i +  Qh?+DD+H/A+ -
- @A i
3.5 g
=55 ~ Ma<500GeV |
e SN |
2.5- i

1.54%

x
) 2 *
Lk »

1.0_ S i 8 PN ey o * e P % : s E
200 300 400 500 600 700 800 900 1000
M, (GeV)

= M4 2 500 GeV and tan g < 2 allowed
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New scan with M1 x u <O

higgsino(—)

%  Qh2+DD+H/A+ M,y >500GeV %,

1 — T
150 200

250

—— ATLAS (observedx1oy,)
—— CMS (observed+10;)

2 e 8

300 350 400 450 500
mys (GeV)

= restrictions still cut away the “good parameter space”
= higgsino(—) does not work (in the MSSM)
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