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Overview

e Status of SUSY going into run 3
* Theory perspective on SUSY at the FCC
* Prospects



Isn’t SUSY already dead?

» Colourful sparticles did not appear immediately
below a TeV

Limits on colourful particles in simple MSSM TR ¢
scenarios around 2 TeV (BUT) “I suppose I'll be the one

to mention the elephant in the room.”

No DM particle found (yet) either
BUT:

No colourful particles actually sits well with Higgs mass,
flavour ...

Direct searches for electroweakinos actually have poor
reach

e Still best-motivated BSM framework
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

March 2022 Vs=13TeV
Model Signature  [£dt[fb7'] Mass limit Reference
T T T — T T T T —
. 495 Ocpu  28jets EPS 139 1.85 m(¥))<400 GeV 2010.14293
2 mono-jet  1-3jets  EP 139 |4 [8xDegen] 0.9 m(g)-m(¥})=5GeV 2102.10874
S ot Oeu 26jets  EF 139 |z 23 m(E})=0 GeV 2010.14293
S z Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
& 28, §—qaWx) Tenu 2-6 jets » 139 |2 2.2 m(¥})<600 GeV 2101.01629
K FoqaCOX) ee,uu 2jets  EP™ 139 [z 2.2 m(T))<700 GeV CERN-EP-2022-014
@ 3z, goqqWZt) Oeu  7-11jets EPs 139 |g 1.97 m(¥}) <600 GeV 2008.06032
(E_‘ SSe.u 6jets 139 |2 1.15 m(z)-m(¥})=200 GeV 1909.08457
S o) 0-1ep 3b  EMS 798 |z 2.25 m(E})<200 GeV ATLAS-CONF-2018-041
SSeu 6jets 139 |2 1.25 m(g:)-m()?i’)::soo GeV 1909.08457
biby Oeu 26 EPS 139 By 1.255 m(¥})<400 GeV 210112527
by 0.68 10 GeV<Am(b) ¥1)<20 GeV 2101.12527
@ biby, bi—b¥s > bk Oeu 6b  EMS 139 |B, Forbidden 0.23-1.35 30 GeV, m(¥})=100 GeV 1908.03122
E % 27 2b 7 139 | By 0.13-0.85 ¥ 2103.08189
§..§ i, i) 0-1e,pu >ljet EMS 139 |7 1.25 m(r)=1 GeV 2004.14060,2012.03799
s g Ah0— Wht) len 3jets/1 b Ei 139 |7 Forbidden = 0.65 m(¥})=500 GeV 2012.03799
o -g i, h—>%1by, F>1G 1271 2jets/t b EP™ 139 7 Forbidden 14 2108.07665
= £ 0, i)/ e coel) Oep 2c  EMS 361 |z 085 1805.01649
olS] Oepu mono-jet Eﬁ"“ 139 I 0.55 2102.10874
Tiii, 7189, X3 —Z/hi] 12ep  1-4b  EPS 139 |7 0.067-1.18 2006.05880
by, h-h +Z Ben 1b EPS 139 | & Forbidden 0.86 m(¥})=360 GeV, m(7; }-m(¥})= 40 GeV 2006.05880
XE00 viawz Multiple ¢/jets EMS 439 )?;p;" 0.96 m(¥})=0, wino-bino 2106.01676, 2108.07586
ee, > 1jet Eﬁ"“ 139 | X /)'(f 0.205 m(¥5)-m(¥})=5 GeV, wino-bino 1911.12606
XX via ww 2epn EMs 139 | & 0.42 m(¥)=0, wino-bino 1908.08215
YRS via Wh Multiple ¢/jets EMss 139 | ¥f/¥; Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
= g XX vialy /v 2ep EpS 139 | 1.0 m(Z,7)=0.5(m(¥})+m(¥})) 1908.08215
s 7ol 27 EP™ 439 |7 [FL TR L NOA6:03] 0.12-0.39 m(¥})=0 1911.06660
S rlr, -0 2ep Ojets  EMS 139 |7 0.7 ~ m@h=0 1908.08215
ee, pp > 1 jet Eﬁ"‘s 139 i 0.256 m(f)-m(¥})=10 GeV 1911.12606
HH, H-hG/2G Oeu >3b  EPS 361 | @t 0.13-0.23 0.29-0.88 1806.04030
4epu 0 jets E“{‘-‘ 139 H 0 2103.11684
Oe,u > 2large jets Eﬁ"“ 139 i 0.45-0.93 2108.07586
Direct ¥{X7 prod., long-lived ¥ Disapp. trk  1jet  Ep' 139 | ¥y 0.66 Pure Wino 2201.02472
5 0.21 Pure higgsino 2201.02472
_.§ % Stable g R-hadron pixel dE/dx E’,'“” 139 g 2.05 CERN-EP-2022-029
ST Metastable 7 R-hadron, g—qq! pixel dE/dx EP™ 139 |2 @ =10ns) 2.2 CERN-EP-2022-029
S g o, -G Displ. lep EPs 139 & 0.7 2011.07812
~ X @ 0.34 2011.07812
pixel dE/dx EPs 139 |% 0.36 CERN-EP-2022-029
YTV VEsze—eet 3eu 139 Pure Wino 2011.10543
YV 10 — Wwjzeettvy dep Ojets  EP™ 139 1.55 m(¥1)=200 GeV 2103.11684
&2, &—qa%, ¥ - qaq 4-5 large jets 36.1 1.9 Large 4/, 1804.03568
S il ¥ o s Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& if, i—=b¥7, Xy — bbs >4 139 Forbidden m(¥})=500 GeV 2010.01015
Qi ii—bs 2jets+2b 36.7 1710.07171
niy, hi—>qt 2epu 2b 36.1 0.4-1.45 BR(ij —be/bu)>20% 1710.05544
1u DV 136 1.6 BR(71—qu)=100%, cost;=1 2003.11956
T 13, B0, —tbs, ¥ —bbs 1-2e,n  >6jets 139 | &) 0.2-0.32 Pure higgsino 2106.09609
. . o 1
*Only a selection of the available mass limits on new states or 10 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.




Gluinos excluded below about
2 TeV

CMS (preliminary)

Overview of SUSY results:
137 fb~! (13 TeV)

squark pair production

pp — tt
Combination: SUS-20-002
04 arXiv:1909.03460;1908.04722,2103.01290
1£: arXiv:1912.08887
2{ opposite-sign: arXiv:2008.05936
Combination: SUS-20-002
0¢: arXiv:1909.03460;2103.01290
16 arXiv:1912.08887 =05
2( opposite-sign: arXiv:2008.05936
Combination: SUS-20-002
0£: arXiv:1909.03460;2103.01290
14: arXiv:1912.08887
t — b/ | 06 arXiv:1909.03460;2103.01290
t — b — bff'g | 04 arXiv:1909.03460;2103.01290
t — cxd| 04 arXiv:2103.01290
T — b — bl — brlR?| 26 arXivi2008.05936

totx?

t = bxi - bWR?

=05
> (tx9/bxy — bWXRY) AMgs =5 GeV, BF=50%

AMg; =5 GeV, BF=50%

AM <80 GeV (max. exclusion)
AM < 80 GeV (max. exclusion), ¢ = 0.5

AM <80 GeV (max. exclusion)

pp — bb
0¢: arXiv:1909.03460;1908.04722
2( same-sign and > 3¢: arXiv:2001.10086

b — bi?
b — txF — tW*x? Mgy =50 GeV
pp — G4
q— q)'c‘} 0¢: arXiv:1909.03460;1908.04722

0¢: arXiv:1909.03460;1908.04722 one light squark (&, d, &, or 3)

g — ttx)

& — bbi?
g — qqid
g — qq(X7/%9) — aa(W/Z)x9

CMS Moriond 2021

Overview of SUSY results: gluino pair production
137 fb™! (13 TeV)

pp — 8§

04: arXiv:1909.03460;1908.04722,2103.01290

1¢4: arXiv:1911.07558

2/ same-sign and > 3/: arXiv:2001.10086

04: arXiv:1909.03460;1908.04722

0£: arXiv:1909.03460;1908.04722

04: arXiv:1908.04722

2/ same-sign and > 3/: arXiv:2001.10086

BF(zE:x9) = 2:1, s =0.5

BE(xF:x9) = 2:1, 2 =05
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Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and x represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and z represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.

1500

TeV

1750

Limits on stops/sbottoms at
best about 1300 GeV, but
model dependent and holes
remain

15t generation squarks excluded
below 1250 GeV or even beyond 2

depending on assumptions




Limits on electroweak
production have big
head“ne numberS CMS (preliminary) Moriond 2021

Overview o
137 fb~! (13 TeV)

esults: electroweak production

- PP — X571
. PP = XIXT — (0t — tweeR0%0 | 20 samessign and 3£ SUS'19:012 flavour democratic, = 0.5
e b ut re Iy O n I Ig ht 2¢ same-sign and > 3/: SUS-19-012 flavour democratic, = = 0.05
2/ same-sign and > 3/: SUS-19-012 flavour democratic, < = 0.95
S | e ptO ns —P> ‘< PP — XX — Fuhl — TweRIR0 | 26 same-sign and 3£/ SUS-19-012 7 enriched, & = 0.5
3¢/m: SUS-19-012 7 enriched, = = 0.05
3¢/m: SUS-19-012 7 enriched, z = 0.95
PP = X% = FvrF - rorrRRS | 2 80)me SUS19:012 + dominated, = 0.5

PP — )Zg)zli — WHxx? | 2¢ same-sign and > 3¢/m,: SUS-19-012
1/+jets: SUS-20-003
PP — X35+ — WZX{%] | 22 opposite-sign: arXiv:2012.08600

....an d even th e 20 same-sign and 3/ SUS-10-012

2/ and 3/ soft: SUS-18-004 AM = 5-10 GeV

d i re Ct p rod u Cti O n PP — )Eg)z%/)z(ll)zli, )’E%/ig — (W*/Z*))z(l] 2¢ and 3¢ soft: SUS-18-004 higgsino simplified model, AM = 5-10 GeV
limits are best PP — XiTH

cases: PP — Xiki, ¥F = Wil 2( opposite-sign: arXiv:1807.07799 Mgy =1 GeV
- PP = XX%, %% — (fv/09) — tvi? | 20 opposite-sign: arXiv:1807.07799 BF(fv) = 50%, = = 0.5

pp — ¥
pp — bl mlnyr,  — 653 | efer, iy arXiv:2012.08600

0 200 400 600 800 1000 1200 1400
mass scale [GeV]

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and z represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.



These limits up to 800 GeV are for wino-like
charginos:

M_o [GeV]

=0 ~0_n
Fyly WZ % 1%

500— ATLAS Prellmlnary
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tanp

CMS Preliminary

35.9 fb' (13 TeV)

MSSM Higgs searches

Only reach about 500 GeV,
although up to 2 TeV for high tan

60
50+
40+
30+
,/
20+
/ /
10 N~ s
/// I:I Observed exclusion 95% CL
7 "/ A\ % Expected exclusion 95% CL
6N % - h(125) -
K ?’W EPJC 79 (2019) 421
5L & N 2 AHMh = pp
CMS-PAS-HIG-18-010
i A/H = bb
4 JHEP 1808 (2018) 113
//\ A/H/h — Tt
3L ) A JHEP 1809 (2018) 007

H— WW (Iv iv and Iv qq)

JHEP 03 (2020) 034
H — hh (bbrr)

PLB 778 (2018) 101

H—tt

CMS-PAS-HIG-17-027

A — Zh (lkt)

arxiv:1910.11634
1 | '\ | | | | hIVISSIVII
130 200 300 400 1000 2000

m, [GeV]

tan 8 enhanced decays to taus

SM Higgs-like couplings

NB also have a limit of about 560
GeVfrom B — sv



Early LHC searches were for promptly decaying particles, LLPs have gained a lot of
ground recently

Huge number of BSM searches from runs 1 and 2 applicable to SUSY

... but SUSY is more a framework than one model (even the MSSM can have hugely
varied pheno).

Need to test a given model against latest data, but this is far from automatic.
HiggsSignals/HiggsBounds — and now HiggsTools — do a good job for the Higgs-like
searches

Various subsets of analyses have been reinterpreted in codes — can then be applied to
different models with same signature

Main frameworks are MadAnalysis (MAS5), CheckMATE and ColliderBit (part of
GAMBIT); SModelS uses a different fast approach.

About 40 13 TeV analyses have been done for MA5; only 5 of these are full Run 2
datasets relevant for SUSY.

Definitive statements about current limits are not possible; even
checking a given model point is still not automatic for SUSY

Heavy SUSY/split SUSY/minimal DM are classic
examples which may be hiding under our noses



Why SUSY at the FCC?

* Is apparent gauge coupling unification just a cruel joke of nature?

. » SUSY reduces the Hierarchy problem to the Little Hierarchy problem

: » |t also allows us to address the cosmological constant problem

: » |t provides dark matter candidates and can readily address baryogenesis
* |t seems to be necessary for string theory — guantum gravity

* A 125 GeV Higgs implies somewhat heavy colourful superpartners
* Flavour physics constraints indirectly imply heavy colourful states — except for the
B anomalies!
* For a WIMP neutralino DM candidate, a pure Wino should have mass of ~ 2.7
TeV, and a Higgsino around a TeV:
Qh2(wino) ~ 0.11 ( m )2 Oh2 (higgsino) ~ 0.1 ( m )2
v S \27 Tev 55 S\ Tev

* The heavier the colourful states, if we want a wimp DM candidate we cannot
have arbitrarily heavy electroweak states: they should be in reach of the FCC!
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| uncertainty is the
| top quark mass

Implies an upper
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SUSY scale
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SM stability

Taken from the website of
the code MR;:
http://apik.github.io/mr/
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http://apik.github.io/mr/

But we can do
better!

Predictions for
the Higgs
mass in
different SUSY
scenarios:

The Higgs mass
can be used to
put an upper
limit on the
SUSY scale!

OR: the Higgs
mass is exactly
in the range that
SUSY

predicts ...
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High scale SUSY = --
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log4o(Mg / GeV)
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Precision computations of the MSSM Higgs mass show, for moderate
to high tan [3, stops should be within reach of the FCC.:
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Leads to a reasonable set of hypotheses:

» Worst case scenario is heavy SUSY with non-WIMP DM, and no
gauge coupling unification

* Split SUSY (all scalars heavy except the Higgs) allows WIMP DM, but
the Higgs mass + gauge coupling unification favour a mini-split of
masses up to 100 TeV

 SUSY could easily be lurking in plain sight, or with colourful states just
above the LHC reach

* Non-minimal SUSY scenarios (beyond the MSSM) may be even
lighter and salvage something of naturalness

* Optimistic picture is made more likely by anomalies (W mass, g-2 etc)


https://arxiv.org/abs/1210.0555

FCC Projections for SUSY searches

Current lim HH = WW 95% CL Limits
urrent fimit HH - BB I 14 TeV, 0.3 ab”
Current exp. WW = HH B 14 Tev,3ab’
sensitivity TTWW :Lgls 5 ¢ Discovery
LHC Run 3 TH"F ) LLCP B 100 TeV, 3 ab”
un L — 1
T o 8 100 TeV, 30 ab
LHC Run 4 aq" — o o,
s =0, =0
gg — tt;:|:1tt;(1
FCC—-ee/hh GG — T o,
s 0 .0 g ;
99 — qu,ax,
10 20

500 1000 1500

15

25

Mass scale [TeV]

See Physics at a 100 TeV pp collider: beyond the Standard Model phenomena and
FCC Physics Opportunities : Future Circular Collider Conceptual Design Report Volume 1


https://arxiv.org/abs/1606.00947
http://cds.cern.ch/record/2651294
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Disappearing
tracks
projections at
FCC-hh:

c.f.
LHC:

Discovery significance
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Conclusions

Search strategies for the FCC seem to mimic LHC ones:
monojet, pair production, disappearing tracks

New searches are being developed for run 3 (displaced vertices,
machine learning) which might also help FCC strategies ...

... I didn’t find much activity on this recently

Also tools for projections for the FCC are needed! (notably cross-
section calculators exist, keydHEP is a very encouraging
development — need more automation for theorists too!)
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