Has the LHC ruled out supersymmetry?
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1. The main idea

The MSSM
Standard particles SUSY particles

o Quarks o Leptons . Foree particies Squarks ._h__',?' Sleptons -,} SUSY force
particies

= large uncolored / EW sector

charginos/neutralinos: My, M»>, u, tan8 = Dark Matter candidate: jzcl)
Sleptons: MZ”L' MTR (equal for all 3 generations, or different 1.2. vs. 3.)
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T heoretically many options: [M. Chakraborti, S.H., 1. Saha '20/21]

A) wino/bino DM with chargino co-annihilation (M ~ Mo < 1)

relic DM density 100% fulfilled

= MN)LSP ~ < 650(700) GeV

B/C) bino DM with slepton co-annihilation (M1 < Mo, 1)

relic DM density 100% fulfilled

= two cases: all 3 generations degenerate vs. 3rd generation independent
= MN)LSP ~ < 550(600) GeV

D) higgsino DM: MO ~ M0 ~ Mgk ~ [ (u < My, M)
1

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

— m(N)LSp < 500 GeV
E) wino DM: m)zo ~ m)zj: ~ Mo (MQ S Ml,,u)
1 1
relic DM density as upper limit (otherwise Mg ~ 3 TeV)
1

— m(N)LSP S 600 GeV

Upper limits on myy _gp: assume 5o deviation in (g — 2),

— 2 0 deviation achieved by heavier sleptons (in A/D/E)
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SUSY can easily explain “any” 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: % ]\Zz_g
~0 ~ . MSSM, 1L: & £ % tan
p—X; —Ha : ~my tanp ™ MSysy ’

=> slepton masses constrol the size of Agl!>>M
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2. Evidence for low-energy SUSY?!
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What have the LHC searches excluded?

ATLAS Preliminary
Vs =13TeV, 140fb~!, EWKino scan
ATLAS exclusion fraction after non-DM external constraints
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What have the LHC searches excluded?

Only this one is actually excluded !

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

ATLAS exclusion fraction after non-DMyexternal constraints
1 1 I 1 1} 1 I 1 1

B === ATLAS simpl. wino/bino model excl. \
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= Our “models” predict low chargino/neutralino masses

Possible search channels:
—pp— Xixi + X
— pp — K359 = X33 + H/Z
~0 ~+ ~ ~
- pp = X7 — XPH/Z {W=
o ~t ~— ~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 can be realized
= only one of them should show up in the LHC searches
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= Our “models” predict low chargino/neutralino masses

Golden mode at the LHC:

=~
P X2
b %i

= experimental results?
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Results: “compressed” spectra w/ heavy sleptons: [taken from M. Berggren '23]

<o CMS 129 137 o (13 TeV) . S —

> | PP Ty Loy My=(mys+mye)/2 (Higgsino simplified) > =51 Expected limit (=10u) ;

O 45 mg x my? < 0, NLO-NLL exclusion g = Observed limit (+£10heory) 1

Cy = Expected+1o____ = Observed + 1o — LEP %7 excluded 1

= : e = 10 V) | ATLAS 13 TeV 36 b ' excluded |
s o
£ 2
<j —
g

< ATLAS

Vs=13TeV, 139 fb~’

ee/ i, my shape fit
All limits at 95% CL

PP — X9X; + XoX3. X1X7 (Higgsino) -

B 2055 > Wl
’ mig;) = Im() + miE)/2
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Results: “compressed” spectra w/ heavy sleptons:

0C:IUIS 129137 fb"' (13 TeV)
%' c pp — ffig E;fg my:=(m;2+m;e)/2 (Higgsino simplified)
O, 45| m x ﬁ?i:' <0, NLO-NLL exclusion
8 EExpected 10, eiment  — Observed 1o,

_—y
o

95% CL upper limit on the cross section [pb]

==
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<

220 240
my: [GeV]
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LEP ¥ excluded

ATLAS 13 TeV 36 ib~' excluded |
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-

50

TR

- R b
2
.

Am(x3, ¥9) [GeV]

ATLAS
V8=13TeV, 139 fb~!

ee/upu, my shape fit

All limits at 95% CL

pp — X3%; (Wino)
o= 2 6 o wey
m(x%) x m(x7) >0
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E ATLAS
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r All limits at 95% CL 7
L PP — X5 Xax0. X1x;7 (Higgsino)
B ZG oWy
1 m(7) = [m(35) + m()]/2
. IR R I R
100 150 200 250 300 350
m(v2) [GeV]
- CMS  Preliminary 137 b (13 TeV)
PP = X7y = WZH T,
60| === iy NLO+NLL excl.
= Expected 1,20 3
R expérlment 10

IIIIII|

102

95% CL Upper limit on cross section [fb]

one more CMS analysis:

Q>
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Two possible scenarios:

— M-0 ~ M-+
X2 X1

— Am = m}zg — m}zcl) ~ O (20 GeV)

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

D) higgsino DM: m-g ~m_-.o ~ m-+ ~u (u < |Mq|, M>)
X1 X X7 ~

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

— m(N)LSP § 500 GeV

= can they fit the excesses?
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3. Wino/bino vs. higgsino DM

[M. Chakraborti, S.H., I. Saha '24]

Sven Heinemeyer — 9th IBS-IFT (-MultiDark) WS, 07.11.2024
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A) Wino/bino DM with chargino co-annihilation

Parameter scan:

100 GeV < |M;| < 400 GeV
M| < My < 1.1|Mq],
L.1[M;y| < p < 10|My],
2 <tanp <60,
100 GeV <mj < 1.5 TeV,
(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),)
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wino/bino(+): results in the m)zo-Am plane:
2

wino/bino(+)
| Tt e
—— ATLAS (observed+1oy,)

A f} —— CMS (observed+10)

40 -

S -y
-'."...‘—v o

0 (GeV)
r

2

mso — Mso
N
U1

Am =

(9 - z)p

15 s (g—2)u+0Oh?
(g —2),+Qh?+DD
* Excess
10 . . . .
200 300 400 500 600
mys (GeV)

= excesses not fully at the same Am ...
= but many "“good points’ at Am ~ 20 GeV
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wino/bino(+): limits on slepton masses:

wino/bino(+)

1000
900
'Y
800
e ® -
a
700 i
2 600-
Q
3 500 -
&
400 -
All
300 g=2),
(g —2),+ Qh?
200 (9 —2)y+Qh%+DD
* EXcess
100 ] 1 1] 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:

30_
28
< 26 ¥ s
) _ ; . .
G
S 24, :.,s ) - ' 1
§ "...i! = ® wino/bino(+) A
TR 22 Tete e oK1 0D |
A e
-, 1.0
% 20_ % ol
0.6
18 -
.- 0.2
16 ‘ J
200 250 300 350 400 450 500
m.o (GeV)

= for lower massess XS have roughly the size required by excesses

Sven Heinemeyer — 9th IBS-IFT (-MultiDark) WS, 07.11.2024



wino/bino(+): direct detection prospects:

wino/bino(+)

(g —2),+Qh?+DD

» explains excess

10—10__

o)
L
o
©
10——11_-
10_12 L) 1 I I I 1 1
100 150 200 250 300 350 400 450 500
myo (GeV)

= wino/bino(—k)/;‘{f co-annihiliation will be covered by XENON-nT /LZ
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wino/bino(—): results in the m)zo-Am plane:
2

wino/bino(-)

50 ' r' - - L .- .
Al 'lbto. "ff.’%' a -.

¢ g=2) " 4° '..‘;:. l‘; 'Ec: .o

45 ’ ," ,"':“.’.r.':g:*‘f'.' “ *

ooft
SRpa
(1 ‘.j i
> o %‘p‘f‘% A .,
Sy ot he
; '.:L’ eRJAaM, 4° *
S 4*‘:. ~.’. ..
..3 \\ 3"“ ‘,‘.l..o...

S
¢ hady Bate '* == ATLAS (observedxlo)
ﬂlﬁ‘ o .-i m— CMS (observed+10;)

5P - —
100 150 200 250 300 350 4060 430 500
myo (GeV)

= 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(-)

Al
1400
L] L] (g_2).u
L]
s (@-2)+0Qh?
1200 . . (g — 2),+ Qh2+DD

(g —2)y+Qh?+DD

1000

‘%“ ;

€ 800 e
g e -3

4003

100 150 200 250 300 350 400
myo (GeV)

— no limits on slepton masses (as expected)
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wino/bino(—): LHC cross sections:

90,
45
S 40
CHE
R
I f » *e E ) - @ wino/bino(-)
=730 " 0P 1 (b) |
= '_ 12
é 1.0
3 25 0e
: e ® 0.6
20 S
0.2

2500 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 x
"*‘.Q t*
> %
ﬁ**“r: *ﬁ:\‘*‘*‘ .
** :** A ﬁ_* E
10-11 sty _Xenon-nT_|
PO A
£ 10-12 ___v-floor ___
ol @ P, e v At ——— T
B R T
10733
10—14_:
] (g —2),+Qh?+DD
» explains excess
10_15 T 1 1 1 I 1 1
100 150 200 250 300 350 400 450 500

myo (GeV)

= vvino/bino(—)/;"gi—L co-annihiliation will be covered by XENON-nT /LZ
= |low 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 < 4 < 1.2 TeV,
1.1p < My < 10p,
1.1M> < p < 10p,

5<tanpg <60,

100 GeV < my, Mg < 2 TeV,

:> M~ ~ ML~ ~ 1 ~ ~J
% X5 x5 TH
Full DM relic density reached only for Mo ~ 1 TeV
1

= incompatible with a 50 deviation in (¢ —2),
— m(N)LSp SJ 500 GeV
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Results in the m-o-Am plane with OLD DD bound:

X2

A

all
(g —2),+Qh?
(g—2),+Qh?+DD

HIGGSINO

* (9-2),+Qh?+DD + LHC
10° , : - :
100 200 300 400 500
myo (GeV)

= direct detection is the limiting factor on Am

600
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Results in the mio-Am plane with new DD bound: [PRELIMINARY]
2
20
Higgsino
S
Q
=
2%
£ 10
|
)
g 8
I
= «%
< . .
4 :
300 350 400
= excess not fitted :-( = DD cuts away the “good points”
23
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Problematic diagram for higgsino DM DD:

|
|
Y O
|
I
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Problematic diagram for higgsino DM DD:

|

l I
Y O

|

|

¢ =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
B 4 4 1 tan? 8’ = ms;
o< tan g < 90 ,
190 < M4 <1200,

2M, < mi, , M, < 1500 GeV

14

Condition on p and My: exact blind spot conditions

relaxed blind spot condition: scan up to u/|M;1] <1

Sven Heinemeyer — 9th IBS-IFT (-MultiDark) WS, 07.11.2024
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New scan with M1 x u <O

higgsino(—)
All
+  Qh?
* Qh2+DD

* Qh2+DD+H/Ar*T‘“

5.0 7=

454

QQ,
% 30_ jo MA <500 GeV

1
1
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I
|
1
1
1
1
1
1
1
1
1
1
1
1
1
¥
3

1.5

Ma s ",t‘j.‘ i '-l”: 1
800 900 1000

200 300 400 500 600 700
M (GeV)

1.0

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

higgsino(-)

1 —

—— ATLAS (observed+1oy)
—— CMS (observed+1o)

%  Qh2+DD+H/A+ My >500GeV % -aihe:

150

F"—W . S S K 2
200 250 300 350 400 450 500
mys (GeV)

= restrictions still cut away the “good parameter space’”
= higgsino(—) does not work (in the MSSM)
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Compressed spectra at current and future colliders
Higgsino, wino and bino/wino DM:

- — HL-LHC 3/ab 14 TeV (Soft Lepton A)  -------- CLIC3p00 1
| ——— HL-LHC 3/ab 14 TeV (Soft Lepton B) FCC—-hh monojet |
S HE-LHC 15/ab 27 TeV (Soft Lepton B) ~ _. _ .
R FCC-hh (HE-LHC approx. rescaling) * Bino—Wino
——— ILCs00 + Higgsino
ILC :
100k - CLIC3g /FCC - ee3ss * Wino -_
E ememema CLIC 1500 + o ]
% ST e ]
:
X |
E ! ! i
Ay ™ R i
2 . I ooz ; | .
L] o W W |
n g | |
w2 ; i
E i i
| i
e ; - !
ok ] 1
g : ; i
i I
a4 18 ; g :
Py : ;. T, ! :
il o !
o | :
! |
' st i
! Falf !
] i ]
0_1 ; o\ o g el p w G @ s B @ s e wy o w om Bw @
200 400 600 800 1000 1200 1400

m(NLSP)

— excesses can be covered “in any case” at the ILC500/ILC1000
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4. Reconstruction of wino/bino DM at the ILC
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Mini overview of the International Linear Collider (ILC)
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Mini overview of the International Linear Collider (ILC)

Linear eTe™ collider, /s = 250 — 1000 GeV
based on superconducting cavities (cold technology) (ITRP decision 2004)

Schematic:

Electrons
Undulg_tor

Positrons

Main Linac Damping Rings Main Linac

— two detectors in one interaction region (push-pull)
— undulator based e source
— polarized beams for e~ and e (P = 80%, P.+ = 60%)

(&
— tunable energy
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The main idea:

1.

Assume that (low-mass) wino-bino DM (if—coannihilation) is realized:
My < Mo < o (but for now My x u > 0).

. At the ILC500 we measure M0, Mot and o(ete — ﬁcﬁ_ﬁ)
1 1

XS measurement with two (good) polarizations and at /s = 400,500 GeV.

. This allows (in principle) to reconstruct My, Mo, p, my,, ... —

with uncertainties.
tan 8 assumed to be roughly known from other measurements.

. With these parameters 2, h° can be calculated — with uncertainties.

. Comparison of QXh2 with astrophysically measured value constitutes

an important test of the model.
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The Feynman diagrams:

o+ o+

€+ Xl €+ Xl ~ 4

e X1
Z 8

e~ X1 e X{ e X1
= myg, enters
— SO far tree-level analysis
— to be repeated including full one-loop corrections
— more involved parameter dependences
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wino/bino(+): o(ete™ = ¥T%7T):

1 1 1 1 ] 1 1 1 ] | 1 1 1 |
#* coannihilation
10°F ¢ ‘ =
L ILC350 -
. el ILC500 ]
- * *=  |LC1000 7
= B 8 *  CLIC3BO 7]
o - *  CLIC1500 ]
» =

T *  CLIC3000

iy - .
o *
Ji\ 1 - '5" it
o 107D Femwg . oo E
+d:' L - . o%ﬂj & —
3 - =0 «I\g‘ﬂ s ]
- & 'I:!' - =
U - F ﬂ?‘f?ﬁ w% - {3‘ : -
i e L kgt |
=3
i I ]
- - 04"
- & % {;‘ En:p. i - ﬂ' - 1
W ¥ o ., * % vo”
_“J-E 1 1 1 | 1 ] 1 | 1 1 ] | 1 1 1 |
200 400 600 800 1000

2mﬁ[GeV]

= easy for ILC500/ILC1000 :-)
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The parameter points:

full (original) set accessible set
2500 ]
200 i 1800
600 - na
2250 L
g 1600
. 190 > S
. et
T ot 1400
o o 180 H 2pat!
Iy 1750 e
E L » & % E ) -, "7‘-:'-;k %
= 400 Cg & \;‘“," cg
< 1500 3 170 1 N 1200 '3
:;_‘_._.
300 4 1250 1
160 - 1000
1000
200 4 150 800
750
200 300 400 500 600 130 140 150 160 170 180 190 200
M, in GeV M, in GeV

= only lower masses accessible

= interesting points corresponding to the excesses covered . ..
(red star: example point)
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Ellispses of four XS measurements:

1.00 -
- /5 =400GeV, P.- = —0.8, P.- = +0.6
0.751 . /s =500GeV, P,- = —08, P,- = +0.6
0.50 - /5 = 500GeV, P,- = 4+0.8, P.- = —0.6
Vs = 400GeV, P,- = 40.8, P.- = —0.6
_0.251 Prediction (0.9818,0.9994)
o X Calculation (0.9776,1.0135)
S 0.00 A
8
—0.25 -
—0.50 -
—0.75 -
_1.00 1 1 1 1 1 1 1
—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
cos(2®y)
= four ellipses must meet — and they do!
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Ellispses of four XS measurements with uncertainties:

1.00 -~ - 7
Intersection |

0.75 - /s =500GeV, P,- =—-0.8, P.+ =+0.6

050 «  /s=400GeV, P, = —0.8, P,+ = +0.6

Vs =500GeV, P, =+0.8, P+ =—0.6
0.25 - Vs =400GeV, P,- =+0.8, P,+ = —0.6
prediction: (0.9818,0.9994)

cos(2®g)

0.00 -
—0.25 4
—0.50 A
—0.75 A
_]_.00 1 1 1 1 1 | |
—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 1.00
cos(2®p)
= uncertainties lead to overlap region
So far used: correct, but unknown mg_(too heavy for ILC500)
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Variation of mg_:

1.0 A
0.9 1
= 0.8
K
g
0.7 - SN '
NJ
/
0.6 1 {
0.5 0.6 0.7 0.8 0.9 1.0
cos(297,)

= overlap region smeared out
= indirect determination of my,  (within < + 100 GeV)

Sven Heinemeyer — 9th IBS-IFT (-MultiDark) WS, 07.11.2024

37



Reconstruction of My and Mo:

—— M, spread .
200-{ @ Average scanned M; : lgl
........ 'I’rue Ml
5 180
]
=
160
II “-llk -------
1404 ¢ Lalbes
130 140 150 160 170 180 190 200
——— M spread
200 - ® Average scanned Mo
-------- True Ms
g
f;:ﬂ}, 180 A
=
160 ] 1 I Aty
'..l. .-‘l-o .
140 - I T T T T T
150 160 170 180 190 200

= good reconstructions possible
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Reconstruction of p and mg,:
2000 - -
1500 ~ '
: 1
= 1000 -
——— 1 spread
i ® Average scanned u
........ True p
600 800 1000 1200 1400 1600 1800
HTrue

M in GeV

800 900 1000

200 300 400 500 600 700
M; in GeV

= bad reconstruction of u, good reconstruction of mg,
= NO problem, since u is not very relevant in this scenario
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Reconstruction of Q,h?:

0.0 A

Relic Density spread

® Average scanned Relic Density
........ True Relic Density
-------- Planck limit

0.04 0.08 0.10 0.12
Qh%‘rue

= often large uncertainties - but not too bad either

= reason: experimental uncertainties in My and M>

= possible improvement: optimized /s
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5. Conclusinos

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

~() ~ ~ ~
o pp — X9X7 — X1Z* X{W*

with m-o & m-+ 2 250 GeV, Am :=m_o — m-o ~ 20 GeV
X2 X1 X2 X1

e Best-fit explanation in the MSSM: wino/bino DM with M7 x p < 0
Consistent excesses in SUSY DM searches at the LHC:
can easily be described by the simplest SUSY model (MSSM)!

e Q,h? reconstruction at ILC500:
— scenario: wino/bino DM with My x u > 0

— measurement of M0, Mo and J(e+e— — XI—LQT)
1 1

— XS measurement with two polarizations and at /s = 400,500 GeV
— reconstruction of My, Mo, p, my, (ind.l), ...— with uncertainties

— calculation of Q,h? — with uncertainties
= “agreement” with astrophysical measurement
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MSSM parameter determination:

2500 - Entire Scan
Chargino Mass condition
2000 - . Neutralino Mass condition
Cross Section condition
¥  Original point
1500 A
3
1000 A
500 -
e

100 120 140 160 180 200 220 240
M,
— XS measurement very important
— M»> well determined
— u poorly determined (not very relevant in this scenario)

Sven Heinemeyer — 9th IBS-IFT (-MultiDark) WS, 07.11.2024



