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Is there a Desert
above the Te

| SUSY
| * What is left for SUSY at the LHC?

| * What can be done for SUSY@CLIC? j
| *Is SUSY there? Is SUSY non minimal?
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SUSY at LHC 13

Selected CMS SUSY Results* - SMS Interpretation ICHEP '"16 - Moriond '17
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Pre LHC

* Solve hierarchy problem and naturalness
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* Dark matter candidate (LSP)

* Admit a low energy SM limit (including EWPT and flavour)
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After/During LHC era

| x Address hierarchy problem and naturalness (little fine-tuning) .

_____
o

| * Gauge coupling unification = ===

| ¥ Dark matter candidate (LSP)

i(H ®+ Admit a low energy SM limit (including also SM-like H boson)

= S

Alberto Mariotti (VUB) SUSY@CLIC 17-7-2017



Little hierarchy problem
| Negative LHC results brings in a minimal amount of fine tuning

. Similar argument applies to standard SUSY and other BSM models ,'

What next options?

1. Give up some further assumption (e.qg. RPV...)
2. Accept Little Fine Tuning and aim at next collider

3. Investigate alternative natural models and their signatures
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% SUY as BSM paradigm

* Probably several BSM talks of this workshop are eventually
_' embedded in SUSY UV Completions ...
% ALP ...

| * Extra scalars ... ,
{ * Twin Higgs ... :

SUSY as a proxy for a variety of BSM scenarios
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o CLIC vs SUSY

CLIC opportunities for SUSY?
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CtiCvssusy

CLIC opportunities for SUSY?

‘

Options at the end of LHC
ats of new NO BSM

physics physics

SUSY

nysSiCS ... Hi
h\,discovered! New P
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SUSY discovered at HC %

(" If SUSY discovered at the LHC then CLIC will provide |
' crucial information on the sparticle spectrum "

‘ * Precision mass measurement

| * Couplings and mixing angles measurement

, * CP and Spin property of sparticles
',f\ x Possibility to probe sparticle mass unification and origin i

Documented in initial physics program for CLIC

“.. If nature is indeed supersymmetric, it is likely that the
LHC will have observed part of the spectrum by the time
CLIC comes into operation ...” hep-ph/0412251

... optimistic perspective ...
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SUSY leftover at LHC

? What |s Ieft |f LHC does not f|nd any SUSY ?

Several scenarios are not effectlvely probed by LHC
* EW sector weakly constrained:
* Higgsino, Sleptons, heavy Higgses

* Compressed spectra
* Relevant for Dark Matter co-annihilation

* Neutral SUSY
* Folded SUSY, Twin SUSY

* RPV

* Displaced vertices

K Heavy SUSY ...
What is CLIC prospect in these cases’?
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H Lepton colllder and SUSY

Inanutshell ete™ %XX*

\/_ ‘~ NO g\“\“o
. * All EW sparticles probed at kinematical threshold mx < o

* SUSY parameters measured with accurate precision
| * SUSY can be background
L *77 — hadrons relevant bkg & ,

o“ae
NSRS RS Q‘e (
AN

| * Often existing results displayed in terms of benchmarks ?0(99 o

x°°
WO
gt

j * Not always straightforward the comparison with LHC ©° ;

* | will review results from ILC and FCC-ee and CLIC studies

* [ will try to identify interesting open questions in relation to LHC era

* Personal naive selection, please add comments/remarks/suggestions
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SUSY particles are produced in pairs through weak interaction

* Selectron produced via both s-channel and t-channel

€ /K_ c e e - - - e
-,
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SUSY Production (sfermions)

* Cross sections decreases for v/s > m3

* € and U, extra t-channel contributions

Sparticle masses can be
reconstructed from distribution
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Lsp LGeV]

150 |

CLIC will probe kinematical threshold

also in compressed region
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SUSY@CLIC

%00 210 220 230 240 250

MyLsp [GeV]

Stau-neutralino co-annihilation covered

ISR photon can be
used to better probe
this region
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Slepton reach

Comparing CLIC reach with LHC pro’spécts
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* At HL-LHC we expect to probe mj ~ 800 GeV

800 1500

* CLIC over performant on EW states!
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Sneutrino NLSP

* Motivated in portion of GGM parameter space to get Higgs mass

* Colored sparticles very heavy

Simplified model
+ lr * Small mass splitting o
ﬂLW* 2 - 92 0L 7
7 m sin 6 0 1 2 3 4 5
Ap=my, —my=—2 o TV) 1606.07501
(G M, T

* Final state too soft to be probed at LHC!!!

3 What about CLIC?
{ * Look for leptonic decay of off-shell W (OS different flavour) @90\\ "
| * SM background from WW and tau-tau production . \(\q@ |
* Impose E(lep) and DPhi cuts to remove SM backgroundQ@“ ;
Left handed slepton probed up to kinematical limit !!!
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Stop reach
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SUSY Production (gauglnos) )

CLIC'has enormouspotentlal*m”unra velmg the W-lno sector -
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* All parameters in mass matrix can be reconstructed (M1,M2,\mu,tanb)
See e.9.1104.0523, 1202.5489

ILC1:my = 7025 GeV, my o = 568.3 GeV, Ay = —11426.6 GeV, tan = 10, u = 115 GeV, my = 1000 GeV

" Challenging LHC channel | e
' motivated by naturalness

* Higgsino LSP
* Higgsino Factory

Vs (GeV) 1404.7510
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nggsmo LSP

Challengmg LHC channels motlvated by naturalness

<K My, Mo el X1 X1 X2 Mass degenerate AM ~ GeV

AM < GeV
* Employ ISR photon to reduce Y7y background
* Masses reconstructed from fit to kinematic variables (at few %)

e st R o 1307.3566 |
. . . © 800 - ’>Z+>~<'v H
Ex: chargino pair production O S%o Py aN1600 :
' _ _ < 600 |- [ SM M =168.0+ 1.4 GeV | |]
i * Focus on semi-leptonic decay = |
| S - — simul. data
L

{ * Reduced c.o.m. of chargino system

s —s—2fE

\* Slgnal kicks in for _\F > M, =

. _
200 250 300,,350 400 450 500 %

\s/GeV

\. Seealsoe.g.: 0103167: 0104086

*For AM ~ O(10 GeV) no need of ISR photon
1404.7510
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* Investigate processes with goldstino production

Simplified model
~ 1402.3223
\/’ €L/R 10° . . T3
e e 00000000 Al \/S=1TeV,|T]|<2_:
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{* We can provide bound on gravitino mass (SUSY br
LHC 1 % LEP: my» 2107 GeV , what can do CLIC?
similar &
1502.01637 S
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SUSY can manifest in QCD neutral states
* Folded SUSY

* Still traces in EW charged folded stops...
* Twin SUSY

* Higgs portal to hidden sector

* Handle on the (Twin) Higgs and its possible exotic decays
* Extended MSSM-like scalars augmented with MET

As=09 tanf=25

\> Double copy of MSSM scalar sector

Spectrum controlled < M A MSSM-like scalars
by two parameters f Twin-Higgs

At LHC constraints from resonance
searches and MSSM scalar searches
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SUSY can manifest in QCD neutral states

* Folded SUSY

* Still traces in EW charged folded stops...
* Twin SUSY

eV
augmented with MET

Double copy of MSSM scalar sector

Spectrum controlled < M A MSSM-like scalars
by two parameters

N

/v 1611.08615
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f Twin-Higgs

At LHC constraints from resonance
searches and MSSM scalar searches




Minimal GMSB models consistent with Higgs mass

20

157

10}

Alberto Mariotti (VUB)
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1504.05200

FCC=hh I‘II ' I

mQ1,2 mU1,2 mD1,2 mL1,2 mE1,2
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Minimal GMSB models consistent with Higgs mass

1504.05200

20

SUPER

| [ [ [ [ [ [ & [ ]
”
[T T T T T T T &1

For competing with FCC-HH in heavy SUSY we need “SUPER”-CLIC
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% CLICfor SUSY )

What CLIC can brmg to SUSY’?

\, SUSY dlscovered @ LHC
% % CLIC will measure sparticle spectrum/couplings precisell

SUSY not discovered @ LHC
* CLIC will pursue complementary SUSY exploration

* Cover holes left by LHC

* EW sector

* Higgsino LSP
* Sleptons
* Sneutrino

* Compressed scenarios (co-annihilating DM)
* Goldstino production and SUSY br scale
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% CLICfor SUSY )

What CLIC can brmg to SUSY?

.. and more ...
* CLIC will pursue complementary SUSY exploration

*MSSM Higgses
* Indirect probes from precise measurements

* Non Standard SUSY

* Neutral SUSY

* RPV

* Heavy SUSY ... high energy CLIC ?
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Thanks for the attention
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CLIC has enormous potential in unraveling the EW-ino sector

* Masses can be reconstructed (at % level)

Ex: chargino into bosons

. N ~d o~ i — ~ ~ Particle | Mass
S: ee = xi1x1 = WTW XxoXo (GeV)
B- SM: ete” > WTW v, Xlg 3403
: e _ 6432
X3 :
§ TR fomone]  Sao[gomme 4 : X3 916.7
5400 B ISusy : E I ISusy | le: 643 2
300 [ : 200} 7SM . Xzi 916.7
200 — ]
L ] 100} 1104.0523
] 1202.5489

o _
0 200 400 600 800 1000 1200 020 40 60 80 100 120
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* If all neutralino/chargino are accessible challenge is disentangle the topologies

* Model dependence introduced by slepton t-channel Many avajiapye results
‘ 0,{\00 are on benchmarks
0 o\@(\'l’e‘\)\ * All parameters in mass matrix can be reconstructed (M1,M2,\mu,tanb
S

\
N—x Only accessing few neutralino/chargino one can still reconstruct parameters
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Gaugino reach .

- - &
Comparing CLIC reach with LHC prospects .
&
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* CLIC over performant on EW states!
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Heavy Higgses probed at the kinematic threshold

1202.5940

* ASSUI’ne deCOUpling ™ A >> Th CLIC SUSY Higgs Mass Reach

eTe” — HA — bbbb or tttt

m=== CLIC 3ab™"

|:] Tevatron 95% C.L.
] LHC-795% C.L.
m— | HC-14

CLIC \/5 =3 TeV
ete” = HA

* Also y7y production can be used

* Eg: tau fusion to measure large tan 5
0404119

5

200 400 600 800 1000 1200 1400 1600
CP —-'&dd Higgs mass My [GeV]

More recent analysis
based on ttH shows

* Also charged Higgs can be probed to kinematical threshold "\ ... 4 Lhc
1605.08744

* CP properties can be studied

17-7-2017
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RPV susy at CLIC

RPV couplmgs
* Displaced/long lived decays (also charged object)
* Prompt decay signal with multi-object final states

Ex: bilinear RPV lepton violation 13074074

* Simplified spectrum with selectron and mostly bino neutralino

. q;
* Neutralino decay to W and leptons /\
;%h - )2(1) qj
(. 2000
e
1500 €, W, T
([ Vs=500GeV f L dt=500 fb” . . .
1000 o | * Mass reconstructed by energy distributions
500 reerase 1 * Model probed up to kinematical threshold
i | P(e"l,e’)z( 0.0,0.8) | ] dles
00 150 200 250 1\/

O T“e;eed for,l‘;g -

perfo

What are prospects for RPV couplings with most impact in hiding LHC physics?
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Simplified model
with gluino,
squarks, higgsino

Alberto Mariotti (VUB)
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_Non Vanilla Natural _

Simplified model 1610.08059
with gluino, Add RPYV decay of
only stops, Higgsino
higgsino

UDD RPV operator

RPV Effective SUSY - =300 GeV

’ | CMS jets+MET |
ATLAS SSL/3L -
. ATLAS RPV
~ - i ATLAS 1L+multijets]
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* Lepton collider offer opportunities for precise Higgs couplings
* Indirect probe of new physics!

* Measurement of Higgs coupling can shed light on naturalness
* Colored top partners will modify Higgs couplings to bosons

L L L L 6
i 1707.03399 ’(6\19 A°
1000 - Spin—0 4 . («gl»\ e(\e‘
¥ O )
MSSM W T N\ S ae®
- |tanB=10 @ 4 & ga‘
800 ¢ : 000“ 20°
> - C ©
- & O
S ie N
w600 ]

400

Current limit /
_expected sepsitivity |- Stop probed up to
600 800 v&/ TeV scales

m;l [GGV]

* Also Zh cross section measurement can provide sensitivity
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