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Outline for Part lli

Why SUSY ?

— Hierarchy Problem
SUSY primer

— Basic Concepts

— SUSY Breaking

— MSSM

— Mixing

— SUSY spectrum
Experimental Approach
Selected SUSY Searches
Future Prospects

“This could be the discovery of the century. Depending,
of course, on how far down it goes.”



Higgs Couplings vs mass

If it looks like a duck, swims like a duck, and quacks like a duck...

ATLAS Preliminary
Vs =13 TeV, 36.1 - 79.8 b’
my,; =125.09 GeV, |y, | <2.5
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Hierarchy Problem

From EWK to Planck scale ?

<H> = 172GeV —=m;, = 0(-100 GeV?)

H &f
. NP 2 2
Am/, = T [-2A, + 6mcIn(Ay, /m) +...]

if Ay =M, — fine tuning in 10711

. A=HTeV ,
. &  Already a serious problem at 5 TeV scale

] ;’&& & & fo@ 5 / (cancellation among top, gauge and Higgs loops)
o Qé “? /\"Qp 4 . . . . .

o (aw = This kind of conspiracy has name in Physics..

-1
-1.5

relative contributions to AWM’

(taken from C. Quigg, hep-ph/0704.2232) SUPersymmeT I"y ?




Unification of Forces ?

BHE mechanism makes the small range and
weak interaction (massive Ws and Z)

- EWK symmetry breaking....

— Can we unify all forces ?
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Unification of Forces...

Forces Merge at High Energies
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Quarks

Leptons

Some of the open questions
(i.e., the need for new physics)

|
d E8lg
v,z
e U T W

Three Generations of Matter

1ers

Force Carr

* Who ordered 3 generations?
o Matter/Anti-Matter ?

* Hierarchy Problem ...
e Unification at Large Scale?
e Dark Matter in the Cosmos?

New Physics (!)

O(TeV) scale phenomenology



SUSY Primer

 SUSY version of a QM
harmonic oscillator
* Super-Symmetry

* Thanks to M. Kraemer



QM raising/lowering operators

Recall raising and lowering operators in quantum mechanics

b |lng) = +/ng+1|ng+1)
b~ |ng) vng |ng — 1)
where b=|0) =0 and [b~—,bT|=1;[b~.b7 ]| =[bT,bT| =0

— b* /b~ creates/annihilates bosons

Analogously for fermions

frlne) = /np+1|nf+1)
f~|lng) = Vne|lng — 1)
But fermions obey Pauli exclusion principle
— only two states |0) and f7|0) = |1)
So for fermions

F10) = [1), F7|1) = [0) and £|0) = F+|1) =0




For fermions...

For fermions

FT10) = [1), f|1) = [0) and £7|0) = FT[1) =0

Matrix representation:

with —(é) and |1>z((1))

one has +_ (00 - _ (01
f —(10) and f _(OU

and {(fF~fy=1,{f.f }={F",f7}=0.

Thus, bosonic and fermionic Hamilton operators take the form

1
WB (b+b_ + 5)

1
WE (f+f_ — 5)




SUSY transformations

SUSY operators act on product space

\ng)|ne) = |ngne) where ng=0,1,...,00; np=0,1

Need to construct operators with

Q.|ngng) o< |ng—1,np+1)
Q_|n3np) X Hn3+1,np—1)
so that
Q+|boson) o< |fermion) Q4+ |fermion) = 0

(— |[fermion) o< |boson) Q—|boson) = 0.

A simple choice is — b fT

where (f7)? = (f7)*=0 Q: =0.




SUSY Hamiltonian

We now want to construct a SUSY invariant Hamilton operator so that

[Hsusy, Q] =0.

The simple choice

Hsusy = {Q+, Q—}

works.

[Check e.g. [Hsusy, Q+] = Q+Q-Q+ + Q- Q1 Q+ — Q1+ Q+ Q- — Q+ Q-Q+ =0]

Now recall Qe = Vwb fT
Q. = Vwbtf~

so that Hsysy = w{b_ f+, b+f_}
—  w(b BT 4 b b
W((1+ bTb7)FF~ + bt h (1 — FH7))
W(FTF™ 4+ bTb7)

Hg + HEe

provided we set wp = wrF = w.




Energy Spectrum

The energy spectrum of the SUSY oscillator has remarkable features

Hsusy |nBnF) = w(Ng + NF)|ngnF)

— E =w(ng + nf)

— the energy of the ground state is zero

The spectrum of the SUSY oscillator:

Energies

Exo = Eq1 = 2w

Eio=Enn =w

Ego =0




Lessons from SUSY oscillator

If we start with a bosonic system we need to introduce fermions
(and vice versa)

— for a SUSY extension of the SM we will have to introduce
SUSY partners for all SM particles

We need identical couplings: wr = wp

— SUSY extensions of the SM do not introduce new couplings

The spectrum consists of pairs of states (bosonic/fermionic) with
the same energy

— SM particles and SUSY partners have the same mass
(and internal quantum numbers)

The energy of the ground state is zero

— SUSY QFTs have less divergences




Super-Symmetry

SUSY is a symmetry which relates fermions and bosons:

Q|fermion) |boson)

Q|boson) = |fermion)
Q is s spinorial generator, i.e. has spin = 1/2.
To construct a Lagrangian which is supersymmetric, i.e. invariant under
[fermion) <> |boson)

we will need to double the spectrum.

Example: electron (1e)1(s =1/2) < ¢z (s = 0) (scalar electron &)

) <> ¢z.(s =0) (scalar electron ég)

Note: & ,r are called "left/right-handed” selectron to indicate SUSY partner
(scalar particle has no helicity).




Super-Symmetry

How do we characterize a particle?

Consider Lorentz group (rotations & boosts) with invariants

P,P* =m® and W,WH=—m’s(s+1).

Pu: energy momentum operator
W, = %G“I’PJPI, M, : Pauli-Lubanski spin vector

where My, = angular momentum tensor = x* P¥ — x” P¥ + 1Y ¥

— particles are characterized by Lorentz invariants: mass and spin

Lorentz _ external
The symmetry is an _ symmetry.
Gauge internal

— invariants of gauge symmetries ( “charges” ) do not change in space
and time

— the generators of the gauge group T2 commute with the generators
of the Lorentz group [T?, P*] =0 and [T? M*] =0




“The” Theorem

Haag, Lopuszanski & Sohnius (1975):

Supersymmetry is the only possible external symmetry of the

scattering amplitude beyond Lorentz symmetry, for which the
scattering is non-trivial.

- Pure mathematical argument... but invites to consider Nature could not ignore it..



SUSY Algebra

What is the algebra of the SUSY generators Q.7

One can work out that

[PH, Qq] 0
[M#,Qa] = —i(0"")Qs

{QﬂQﬁ} 0
(Qu.Q)} = 2(0")asPy

where o* = (1,0'), 6* = (1,0"), o*¥ = (c*5Y — oV 5H)/A4.

Q raises by spin 1/2, QT lowers by spin 1/2




— Tﬂg‘@@@? | SUSY invariance....

“A severe case of symmetry breaking!”

What are the immediate consequences of SUSY invariance?

[PL.QI=0 = [m*Q]=[P.P" Q=0

Thus we must have

But we have not seen a 511 keV= m;z charged ([Q, T?] = 0) scalar

— SUSY must be broken



Hierarchy Problem

e Electron case
* Higgs



In electrodynamics

. ) 2
The Coulomb field of the electron is Eiof = %i—

This can be interpreted as a contribution to the electron mass:

2 2
MeC™ = Mg oC™ + Esers -

However, with r. < 107" cm (exp. bound on point-like nature) one has

mec? = 0.511 MeV = (—9999.489 + 10000.000) MeV

- In principle this points into a problem of fine-tuning !



Fine tuning ??..not really.

Coulomb self-energy in time-ordered
perturbation theory:

But also have positron et with Q(e™) = —Q(e™) and m(e*) = m(e™)

| <
4 e

— new diagram

5 5 3a R
— Mec® = meoc” | 1+ In
45 MeCre

So even if r. = 1/Mpianck = 1.6 X 10733 cm, the corrections to the

electron mass are small

Mec® ~ meoc® (1+0.1) .




Scalar (Higgs) case

d*k 1 2m?
= Am? = 2N(f) \2 / ( - i 2)2>

(2m)* \ k2 —m?  (k? — m?

The integral is divergent, so we introduce a momentum cut-off.

[Recall that d*k ~ k3dk — [Mdkk3/(k2—m?2) ~ A2 and ["dkk3/(k?—m2)? ~ InA]

Straightforward calculation gives

N(F) A7 (A2 +3m?In (M

872 ms




Huge fine-tuning...

Because of the quadratic divergence we find

Am3 (A = Mpjanac) ~ 10*°GeV? = (3 x 107 GeV)?

and so
2 2 2 2
my < 1TeVe=mj o+ Amj

implies a huge fine-tuning:

1,735,405, 204,836,950, 645, 958,932,812, 557,642,954

— 1,735,405, 204, 836, 950, 645,958,932, 812, 557, 642, 829
= 125

Comment: it is essential that A < oo, i.e. we assume that new physics sets in
at E ~ A. Is this a tautology? No: we assume new physics at some very high
scale A and find that the standard model needs new physics well below A.

The natural mass scale of a scalar field is the highest scale in nature.




SUSY coming to rescue you..

Let us increase the particle content (as for the e~ self-energy)

Before we had

Now we include in addition two scalars fi, fr with couplings

Af
V2

f 2)—V/~\%¢) (|?L|2 + |7R|2)+(

Af(j)?/_?,; —+ h.C.)

which lead to additional contributions to the self-energy:




SUSY coming to rescue you..

The additional contributions to the Higgs mass are:

o - d*k
2 2
Am3 N2 N(F) /(27‘_)4

d* k 1
()‘ V)2 N(f)/(QT)4 ((k2 _ m% )2 - (k2 _

. d*k 1
AN NE) [ e =y = )

The first term cancels the SM AZ?-contribution if

Af = A and N(f) = N(f)
as required in SUSY.

The cancellation happens because of spin-statistics:

A ST
fermion loop — (-1) boson-loop — (+1)

- Note the cancellation does not depend on the SUSY masses or As



22 (172 + %) —vA2e (1712 + IFrl?) + (%A

2 2
AN(F) —2m (1—|n—>—|—4mf|nﬂ

+2m%(

1672 7

where we have assumed mz = mgz, = mz.

One has

Ami =0 for Afr =0 and my = mf (SUSY)

But SUSY is broken, i.e. m% — m% + 62. Thus

AZN(F) m? 3
Am3 = ng 52 (2 + In Tj) + O(5%)

To have Amfb small, we thus need m?, = m? + 6% = O(1 TeV?)

- SUSY spectra at the TeV scale ??




SUSY Breaking

e Unification of Forces ?
e MSSM

 SUSY Spectrum & Mixing
* R parity



Forces Merge at High Energies
T T T l T T T | T T T I T T T l T T T

Unification of Forces... swone. eyl Mol
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Strength of Force

In QFT the gauge couplings “run’:

daj(p) : 5
— 1"},' yil L 00 L ]
()

10 18 1 02 0
Energy in GeV

The beta-functions 3; depend on the gauge group and on the matter
multiplets to which the gauge bosons couple. Only particles with mass
<t contribute to the [3; and to the evolution of the coupling at any
given mass scale /.

The Standard Model couplings evolve with i1 according to

(33 —4nz)/(127)
= (22—4ng — np/2)/(127)
= (—4n; —3n,/10)/(127)

where ny = 3 is the number of quark and lepton generations and n, =1
Is the number of Higgs doublet fields in the Standard Model.




Unification of Forces (?!)

Forces Merge at High Energies

Strength of Force

ip® JpM. JpiF AP
Energy in GeV

Loop contributions of superpartners| change the beta-functions. In the

MSSM one finds:
U
U

3) : B9 = (27 —6n,)/(127)
2) : [55°F (18 — 6n; — 3np/2)/(127)
) BIRSY = (—6ng —9n,/10)/(127)

(
(
(1




» external symmetries: Poincare symmetry & supersymmetry
» internal symmetries: SU(3)®SU(2)®U(1) gauge symmetries
» minimal particle content

Gauge Bosons S = 1 | Gauginos 5 = 1/2

gluon, W=, Z, - gluino, W, Z 3

Fermions S = 1/2 Sfermions S
(5)(%)
. ([1’_ / \ ("v_ /

Higgs Higgsinos

N
(‘_ i; ) 1'1'1;' )




MSSM with mixing

Names | Gauge Eigenstates | Mass Eigenstates
Higgs bosons H° HY HY H; RO HO A0 g+

’&L ’LAI:R (’i]‘ JR (same) Mixing
neglected

squarks 31 Sp Cr, Cr (same)

tr, tr by br tr ty by by

€ €p U, Mixing
- neglected

sleptons L1, r U,

Tr Tp U _
L 'R "7 Neutralinos

neutralinos B WY H? HY ( X0, . X%
charginos W= Hf Hj o Charginos
X
1,2

gluino

goldstino
(gravitino)




Soft SUSY Breaking

(soft to keep solving the hierarchy problem)
Introduce

> gaugino masses M, ,xx: M.BB, M,WW, Msgg

» squark and slepton masses M2 g1 ¢:

2 =T 2 =iz 2 ofe 2 of ~

U,

5 ) h &g etc.
1/ L

» Higgs mass terms Bjj¢i¢;: Bhihy etc.

» trilinear couplings Ak did;dx: Ae (

MSSM w/o breaking: two additional parameters from Higgs sector

Soft SUSY breaking

> ASL AL AL — 27 real + 27 phases
2 M2 M2 M2 M2

> Mé, Mz, Mz, Mz, Mz — 30 real + 15 phases

» My, M>, M3 — 3 real + 1 phase

— 124 parameters in the MSSM!

(but strong constraints from FCNS's, flavour mixing and CP violation)



Constrained MSSM

Simple framework constrained MSSM:

breaking is universal at GUT scale
> universal scalar masses: M3, M7, M3, M, Mz — Mg at Mgur

» universal gaugino masses: M1, M2, M3 — M, at Mgur
- ] - d d
» universal trilinear couplings A5, A}, AY — A-hj,A-h§,A- hf at Mgur

)

— 6 additional parameters: Mo, M; 5, A, B, p, tan(j)

The masses of W and Z bosons will fix Band |u| = reduced to 5 parameters

M,: common scalar mass at GUT

M, /,: the common gaugino mass at GUT
tanf3: Ratio of Higgs VEVs

A,: common (scalar)?® coupling

Sign(u): Higgs mass term



SUSY Spectra Mi(p) _ Ma(p) _ Ma(p)

a1(p)  a2(p)  as(p)

Heavy
squarks/gluinos

—
)
-
o

Not so heavy
Charginos

Mass [GeV]
o
o
o

Light
neutralinos

| L | N | L | L
8 10 12 14
Log,,(Q/1 GeV)

RGE drives (u? + my2) negative — EWK symmetry breaking




After SU(2), x U(1)y breaking, mixing will occur between any two or
more fields which have the same color, charge and spin

» (W%, H%) — §£, ,: charginos

B /3 Lo ~0 : -
> (B, W= Hi ) = Xi_1234: neutralinos

» (.,tr) — 1 etc.: sfermion mass eigenstates

Note:
» mixing involves various SUSY parameters

— cross sections and branching ratios become model dependent
» sfermion mixing oc my
— large only for 3rd generation (11 2,71.2)

~ o~ {
A 2 (lr
ﬁstop masses — (&1, th ) me (;R)

( mg, +mi+ Az, v(af sin B — py, cos B)
v(asin f — prypcos f)  mi +mi+ Az,




“Natural SUSY in 1984"

SPECTRUM.

.4&»
’ ) : - 7'} P —
1S CONE TN ANE . N

Sk EO—__

"mass 7

“ l"v'l.’.li‘ﬂaﬂ.-“ 5 \ m I

assS i
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M (GeV)

SUSY Spectra

800 Picture taken after Tevatron 1.
and before LHC era

Squarks and Gluinos are heavy

g ‘ 2. mixing of third generation leads
. ‘}'l" = to light stop and sbottom
600 b T~ 0 . o
i # '\ 3. X Lightest supersymmetric particle
AN .
B HQ -A \\\ \A‘i‘ \2
T % > v
400-' \“ 25% Dark Matter
\\ — W
K\ ; " 709 Dark Energy l
- [ Ty m— \ L - ’
200 R/ . X 2:X1 q
| pTp=—=. _'
[ h— e

Olllllllllllllllllll

14/09/18 J = J = 1."‘2

4. One higgs is very light ( < 135 GeV)
39



In summary....

-Fermion/Boson symmetry Double Spectra of Particles

Standard particles SUSY particles
Q | fermion > =| boson > ul el .
Q | boson > =| fermion > dl <1 i -
‘Exact cancellation between
fermion & boson loops for Higgs

Quarks @ woons @ Force particies Squarks ) Sleptons ) SUSY force

O/ boson v~ fermion oo
X + = >a_ =1 .will mix o form mass eigenstates..
{“:::D | Higgs sector with 2 doublets
~ boson  gaugino
+ g g -0

oo H, H, —— h,H, A, H

.SUSY must be broken..... model-dependent phenomenology



u
R-Parity \
Most general superpotential includes terms d
Violating Baryon number and Lepton number \\
1 — ‘

W, = > NJkLL ex+ K"JkLQ d+ w'LH, ?—/\ﬂ

L, S\‘\h\/# ,
WAB=1 - E Jk dk W //‘WJ‘A )

New symmetry is postulated...

1\ R, =+1 (particles)
- (_1)3(8 L)+2s ‘ R:

= -1 (sparticles)

e SUSY particles produced in pairs
25% park Matter e The lightest SUSY particle stable (XO)
. e Valid candidate for Dark Matter

\ 70% DarkEnergy

yy B o/ e Distinctive Signature at Colliders

Large Missing E




RPV scenarios

Many final states to explore: Lop Operator
— Couplings via A, A,A"”. le: 9 L1L:2E1
L o LoLaFs

resonant 7 production

p w . . I VL _
th b pair production: ¢q, qg, gg ~t LeQ1D1q
t

B Ly Q1f)1

t1 LQ
g U;D;

'Ul U

« Something like > 700
possibilities, final state
signatures involving
leptons and/or jets

« If A, A, A7 very small,
can lead to long-lived
LSP

» Multilepton production (including taus)
* Multijets, possibly resonances (ie 2 x 3 jets)

42




Taken from T. Rizzo

SUSY ZOO

Reminder:
SUSY is not a single
model but a very large
theoretical framework

Dirac |
gauginos

mSUGRA

43



Some references

Supersymmetry and the MSSM: An elementary introduction
|.J.R. Aitchison, hep-ph/0505105

A supersymmetry primer
S. Martin, hep-ph/9709356

Theory and phenomenology of sparticles

M. Drees, R. Godbole, P. Roy, World Scientific

An introduction to supersymmetry

M. Drees, hep-ph/9611409

Hide and seek with supersymmetry
H. Dreiner, hep-ph /9902347

Supersymmetry phenomenology
H. Murayama, hep-ph/0002332




Basic Guidelines on how to
perform a Search

Background Estimation
Likelihood Fits



EXPERIMENT

Run Number: 278880, Event Number: 101104356

Date: 2015-09-08 12:27:21 CEST

_ 575 ET (GeV)
. 515
| 455
395




How to make your search.. :

1. Find good discriminant(s) = signal region (blind it!)
2. Determine your SM background + related systematics

1. As much as possible from data

2. If taken from theory/simulations 2 define control regions in
data (orthogonal to your signal regions) to constrain the
predictions with data (and to reduce systematics from models)

3. Validate your predictions in regions close to the signal region
(similar kinematics) where you do not expect new physics

4. Convince your collaborators all is under control and open box
3. Use a sophisticated Likelihood fit to determine whether
your data is statistically consistent with a background only

hypothesis in the signal region taking into account
correlations of systematic uncertainties, etc..

1. Buy a ticket to Stockholm or compute exclusion limits @ 95% CL



Background strategy

Top
V, VWV, VW

Standard Model

Multijets

Higgs

Example: top, W/Z+jets V

In ETMiss-based analyses /

N Example: multi-jet,
fake leptons

Irreducible backgrounds

Dominant sources

Control regions in data used for normalisation.
Transfer to signal regions using MC

Sub-dominant sources MC

Reducible backgrounds

Determined from data

Analysis dependent

i

SUSY
SIGNAL
REGION

Validation

Validation regions used for cross-checks

QCD CONTROL

Signal regions




Entries / 100 GeV

DATA/ SM

Entries / 100 GeV

DATA/ SM

An example: 0-lepton signature

Searches in inclusive jets + E,™sS events A

— from 2 (A) to 6 (E) jets Expect significant Region @

“effective mass’”’

// Region A, A
>
Gluino Mass

4

miss
E ET,jet + ET

Squark Mass

£ L T ] 10%E L T T T E T
E [[Ldt:li.?fb' 3 > E E| 3 r '£Ldt:4.7fb‘ 1
E e Data 2011 s =7 TeV) 3 D F Ldt=4.7fbo B S 10 e Data2011 fs=7TeV)
- o M Toal ] ©) r e Data 2011 (s = 7 TeV) ] 8 E e 3
tt and single top o P - —— SM Total Ay tt and single top
E E;vﬂi‘s 3 9 10° E 1t and single top = 8 102 E;vﬂja‘s a
[ Diboson ; E 7 +jets E £ E I Diboson 3
----- SM+SU(500,570,0,10) 3 C [ W+jets ] w «+++ SM+SU(500,570,0,10)
s SM+SU(2500,270,0,10) = L B Diboson i r SM+SU(2500,270,0,10) 1
E ATLAS Preliminary = e 1 02 L. - .. [ multijet | 10 ATLAS Preliminary _
¢ oresre - | E - — SM+SU(500,570,0,10) E E CR3 SAB E
F y 1 E g SM+SU(2500,270,0,10) 3 + ]
L | = ATLAS Preliminary B 1 4 _
2 - 3 - H E . 3
Top CR ] 10g . oh8 - - W+jets CR ]
. fnrinilooon “.m‘ . = St E L, NI ]
—— C — = 2.
E. [ — <£ . §7 " + T
BE gy L r iy ... | < O e e | AT T B [
3 e eyt + 1§ E g 0'%7 S s P ++++ *
500 1000 1500 2000 2500 3000 F B % 500 1000 1500 2000 2500 _ 3000
mq(incl.) [GeV] [ L 0 i mq(incl.) [GeV]
=S o B E T T T T T T T
L B L B B T 2 2F e B L B B T T
F ’[Ld:=4.7vb‘ ] z 15 -+-+ E r iLd(=4.7lb‘ ]
I = Bazori s =770 S e e B L + Banzon Gen 7o ]
E = :Itvand single top 3 o 08 L s 10 E > It and single top 3
i iy i 0 500 1000 1500 2000 2500 3000 2 I Wl
L N Diboscn _: m(incl.) [GeV] £ I Diboson
- SM+5U(500,570,0,10) 3 i +-+ SM+SU(500,570,0,10)
- SM+8U(2500,270,0,10) ] 10 . SM+SU(2500,270,0,10)  —
ATLAS Preliminary | E ATLAS Preliminary 3
3 CR2 SRB 3 CR1b SRB
T_ Normalizations obtained in all CR and
e L2 3
Multijet CR - extrapolated to signal regions simultaneously by

S e Jr ______________________ combined maximum likelihood fit 2
-00 500 1000 1 5:;) 2+0.00 2500 3000 g

500 1000 1 500 2000 2500 3000
mq(incl.) [GeV] mq(incl.) [GeV]



The mother of all fits...

 Combine all info in a global fit. Likelihood based on CR and SR (mutually

exclusive)

b=background
0= systematics treated as nuisance parameters with Gaussian
L(n|u.b.0) = Py X P, X F, X P, p F ocp XL st n=Number of observed events in data

p= SUSY signal strength to be tested

* Each region described with a Poisson p.d.f

e Statistical and systematic uncertainties on the expected values included in
the fit as nuisance parameters = typically constrained by a Gaussian
function with width corresponding to the size of the uncertainty

considered
— correlations between these parameters are taken into account

* Inputs: Transfer factors (c), N events for data in SR(s) and CRj(bj)

P =P(n | As(10.0.6)) = e cp_ z(6) @5+ Cir-sr(0)®Db;
-

=P(n|A(u.b.0))=uec, -(0)es+ ZCJ.R__.__,,.R((-)) . bj
r

A (u, b, 8) = expected number of events



In the case of very small

signals (limited sensitivity)

the use of p, to exclude signals
can lead to false exclusions if the

data fluctuates down....

In these cases it is better to use
CLs ... which is conservative in the
exclusion

If CLs < 0.05 = excluded at 95% CL

CL,

(do not exclude your signal...)
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SUSY Searches

Inclusive searches
3 generation squarks
EWK searches



SUSY Cross Sections @ LHC (8 TeV)
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Inclusive Searches

Multiple-jets and large E,™ss
JHEP09(2014)176
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MSUGRA Scena

Run-1 summary on inclusive squark and gluino searches

MSUGRA/CMSSM: tan(B) = 30, A = -2mq, 1 > 0
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“Natural SUSY 2012”
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- >4 Direct Stop/Sbottom

¢ Y. ¢ In the scenario with TeV gluinos / squarks (1st/2nd generations)
X F . All the attention is put now in searches for stop/sbottom
b, = b 3°— b h(Z) x,° Multiple channels according to the decays
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ArXiv:i1506.08616 ,, Sbottom Direct Production
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~ Further stop constrains p>_’--4~'
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Further stop constrains >4

(using the top-(anti)top spin correlations)
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EWK production
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2 or 3 leptons + E,Miss

argino mass > ~1100 GeV
Neutralino mass > 600 GeV

Very sensitive to the details
of the scenario considered
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Disappearing track

In AMSB model where the lightest chargino (N)LSP is wino and
nearly mass-degenerate with the lightest neutralino

%1 decaying into X, "+

Badly mismeasured in p; due to a wrong
combination of space-points

High-p, charged hadron

. . interacting with ID material
The signal reveals itself
as disappearing tracks

in the outer ID volume

Lepton failing to satisfy
\ identification criteria due to
X large bremsstrahlung or scattering

‘ reconstructed track
true particle track

At least one jet with PT > 90 GeV, Etmiss > 90 GeV P st TRT
Lepton (electron and muon) vetoes

tanP=5,u>0

%‘ 220 EN TN . Observed 95% CL limit (+1 5,,,,)
. . .l 0900 | eeeeeeaaaa Expected 95% CL limit (+1 o)
One good isolated track with pT > 15 GeV = | A AT (o e 9 e A o, o procty
E‘* - ALEPH (Phys. Lett. B533 223 (2002))
and less than 5 hits in the TRT 3 : Theory (Phys. Lett B721 252 (2013)
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A charglno mass below 270 GeV is excluded at 95% CL
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Up to 22 different ATLAS p M SS M The results are interpreted
: in the context of 19-parameter
searches considered One example of particle spectra P

Analysis Ref. Category % |
O-lepton + 2-6 jets + [Emiss [57] S 4000 By Parameter  Min value Max value Note
. iss 19 '
O-lepton + 7-10 jets + Epss [58] &2 3600 e ' my, (=mg,) 90 GeV 4TeV Left-handed slepton (first two gens.) mass
1-lepton + jets + Bt [59] ) = 0L _ Vr P ! Mz, (=mg,) 90 GeV 4TeV Right-handed slepton (first two gens.) mass
T(T{f) + Jets + 'E’rl‘mss - [9()] Inclusive 3200 - ;L .\ d. m, 90GeV ATV Left-handed stau doublet mass
i/sl/ i—lei)tonj ;_bj ‘?t: trEET"‘i” {ZH 2800 o i N 12{“ / Mg, 90GeV 4TeV Right-handed stau mass
-lepton -jets 2 \ /
Mon. ojpet ! T 63] A° H* L ! mg,(=mg,)  200GeV 4TeV Left-handed squark (first two gens.) mass
O-lep (01’1 Stop [64] 2400 - mg, (=mg,) 200GeV 4TeV Right-handed up-type squark (first two gens.) mass
1-lepton stop [55] 2000 - W . - ,'/ my (=mg,) 200GeV 4TeV Right-handed down-type squark (first two gens.) mass
2-leptons stop [65] = -0 NI I,L’ i mg, 100 GeV 4TeV Left-handed squark (third gen.) mass
Monojet stop [66] Third generation 1600 - “\Xf /// Mg, 100 GeV 4TeV Right-handed top squark mass
Stop with Z boson (67] 1200 |- \\\\‘ o B mg, 100GeV 4TeV" Right-handed bottom squark mass
2b-jets + Epts (68] X N X £ di 71:721 M| 0GeV 4TeV Bino mass parameter
Lo+ Ex™=, stop [56] 800 - i \\\\\ / 2% f [ 70GeV 4TeV' Wino mass parameter
éh‘l [69] \ o 1l 80GeV ATéV Bilinear Higgs mass parameter
;— eptons E:‘H 400~ , % Szl ;@ My 200GeV 4TV Gluino mass parameter
_r X === X
3-leptons [52] Electroweak 0 h W X3 |4 0GeV 8TeV  Trilinear top coupling
4-leptons [70] 14 0GeV 4TeV Trilinear bottom coupling
Disappearing Track 71] . 14, 0GeV ATeV Trilinear 7 lepton coupling
Long-lived particle [72,73] Other F ra ctl o n of p M SS M m od e I s exc I u d ed My 100 GeV 4TeV Pseudoscalar Higgs boson mass
H/A — 771~ [74] ’ tan § 1 60 Ratio of the Higgs vacuum expectation values
(in general, similar to simplified models)
~0 ~0
ATLAS pMSSM: %, LSP ATLAS pMSSM: % LSP ~0
1 1 800 1 1 ATLAS pMSSM: 7’ LSP
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ATLAS SUSY Searches* - 95% CL Lower Limits July 2018 ATLAS Preliminary

July 2018 Vs=7,8,13TeV
miss — Y
Model 6m Ty Jets EN™ [Larnm™) Mass limit V5=7,8TeV  ys=13TeV Reference
i, G-qk} 0 2-6jets  Yes  36.1 155 m(’)<100GeV 1712.02332
» mono-et  1-3jets  Yes  36.1 0.71 m(g)-m(¥})=5GeV 1711.03301
9] N ) _ y
5 & [ 0 2-6jets  Yes 361 |Z& 2.0 m(¥})<200 GeV 1712.02332
5 g Forbidden 0.95-1.6 m(¥})=900 GeV 1712.02332
B 3 i-aaor 3e.p 4jets - %61 |z 1.85 mu??_zfaoo GeV 1706.03731
Q e, 2jets  Yes 361 |2 1.2 m(g)-m(¥1)=50GeV ‘onganod
2 soqqWzt) 0 7iljets  Yes 361 |2 1.8 m(¥}) <400 GeV
3 3eu 4ets - 36.1 |2 0.98 m(g)-m(¥})=200 GeV
£ 2z, g—>tt_/\7? O-1epu 3b Yes 361 |Z 2.0 m(¥})<200 GeV
3eu 4jets - 36.1 |2 1.25 m(g)-m(¥})=300 GeV
biby, by—b¥) [1VE Multiple 361 |5 Forbidden 0.9 m(¥)=300 GeV, BR(57")=1
Multiple 361 | b Forbidden 0.58-0.82 m(¥})=300 GeV, BR(b{})=BR(¢Y})=0.5
Multiple 361 | B Forbidden 0.7 m(¥!)=200GeV, m(V)=300 GeV, BR(¢kT)=1
o Dibiiii, My =2x M, Multiple 3.1 |4 0.7 m({})=60GeV
<9 Multiple 361 |7 Forbidden 0.9 m(t})=200 GeV
&5 ) i .
§--§ fh, —;Wb)?? or 1/\7[]) 0-2e,u 0-2jets/1-2b Yes 36.1 & 1.0 mit%)=1 GeV
. #if, HLSP Multiple 36.1 | & 0.4-0.9 m(¥})=150GeV, m(¥;)-m(¥))=5 GeV, ; ~ 7,
51;,’ ,§~ Multiple 361 |4 Forbidden 0.6-0.8 m(¥)=300GeV, m(¥;)-m(¥})=5 GeV, i, ~ 7,
S i1, Well-Tempered LSP Multiple 361 | & 0.48-0.84 m(¥)=150GeV, m(¥;)-m(¥})=5 GeV, /; ~ 7,
iy, iiock 1 22, el 0 2 Yes 361 |# 0.85 mit%)=0 GeV 1805.01649
i 0.46 m(F,,&)-m(¥})=50 GeV 1805.01649
0 mono-jet  Yes 361 |7 0.43 m(F, ,&)-m(¥})=5GeV 1711.03301
by, -t +h 1-2ep 4b Yes 861 |4 0.32-0.88 m(¥%)=0 GeV, m(i)-m(¥’)= 180 GeV 1706.03986
Ve ”‘2’ via WZ 2-3epu - Yes 861 |XE/E 0.6 m(¥})=0 1403.5294, 1806.02293
ee, ppt >1 Yes 361 |ij/, 047 m(¥T)-m(¥1)=10 GeV 1712.08119
Yi¥) viaWh Ulilyyltbb - Yes 203 |/, 0.26 m(E%)=0 1501.07110
5 T, X v, Bootrom) 27 - Yes 361 | B/ 0.76 m{F1)=0, m(7,7)=0.5(m(¥})+m(¥))) 1708.07875
E 2 i l%, 0.22 mEE)-m(¥})=100 GeV, (7, 7)=0.5(m(¥; )+m(t)) 1708.07875
D frlig, 508 2e,pu 0 Yes 861 |7 0.5 m(%)=0 1803.02762
2ep >1 Yes 361 |7 0.18 m(®)-m(¥})=5 GeV 1712.08119
HH, A-hG|ZG 0 >3 Yes 361 |@& 0.13-0.23 0.29-0.88 BR(Y) — hG)=1 1806.04030
dep 0 Yes 361 |@ 03 BR(Y! — ZG)=1 1804.03602
Direct 77 prod., long-lived ¥} Disapp. tk ~ 1jet  Yes 361 |if 0.46 Pure Wino 1712.02118
g » Y 015 Pure Higgsino ATL-PHYS-PUB-2017-019
o
=5 Stable g R-hadron SMP - - 32 |z 1.6 1606.05129
2T Metastable  R-hadron, 3—gq?| Muttiple 328 |& [@®=t0ns,020g] 16 2.4 m(¥})=100 GeV 1710.04901, 1604.04520
S 2 Guss, -G, long-lived ¥ 2y - Yes 203 |H 0.44 1<1(f})<3 ns, SPS8 model 1409.5542
23, K —eev/epv/upy displ. ee/eu/pp - - 203 |2 1.3 6 <ct(¥})< 1000 mm, m(¥})=1 TeV 1504.05162
LFV pp—¥: + X, V:—>ep/et/ur ep,et Ut - - 32 | 1.9 A3y =0.11, Aiza133/253=0.07 1607.08079
TV I — wwyzeeeevy deu 0 Yes  36.1 m(¥})=100 GeV 1804.03602
28, §-qat1, 1) - qqq 0 45large-Rjets - 36.1 R Large A7, 1804.03568
E Multiple 36.1 m(¥7)=200 GeV, bino-like ATLAS-CONF-2018-003
O g3, g - tbs/ gk, 0} > tbs Multiple 36.1 mEF%)=200 GeV, bino-ike ATLAS-CONF-2018-003
77, i, 1) = ths Multiple 36.1 m(T))=200 GeV, bino-ike ATLAS-CONF-2018-003
iy, j—obs 0 2jets+2b - 36.7 1710.07171
iy, ii—bl 2e,u 2b - 36.1 I 0.4-1.45 BR(f, —be/bu)>20% 1710.05544
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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ati-pHys-pus-2014-010 HL-LHC prOSpeCtS

m sp [GeV],

o O o
o O o
OOO

to “kill natural SUSY”

> 4 Will be in the position

~ illl
P

t Sensitivityup to 1—-1.5TeV

TLAS ; Simulation Preli /m/nary

-300 fo"! (<u>-60) 56 discovery
\s=14 TeV 11300 b (<1>260) 95% CL exclusion

=3000 fb’ (< >=140) 56 dlscoverr

113000 fb™ (<u>=140) 95% CL exclusion
[ATLAS 8 TeV (1-lepton): 95% CL obs. limi
CJATLAS 8 TeV (0-lepton): 95% CL obs. limit

“IIIIIIIIIII....

“‘ "‘
0 and 1-lepton combined _..-.-.'-----~ .
‘ ‘

aEmEw

-
-m -““

IlllIIIIlllIlllllllIIlllllIllllIllTlllIllllllllll

200 400 600 800 1000 1200 1400
mstop [GeV]

1200

_o [GeV]

€ 1000
800
600

400

2001,

Shottom pair production, 61 -b )”(? Is=14TeV
T T T I T T T

T T I T
ATLAS Simulation Preliminary

500

T l T T T T

B ATLAS 20.1 b7, \s = 8 TeV, 95% CL
""" 300 fb™ exclusion 95% CL

""" 3000 fb " exclusion 95% CL

— 300 fb 50 discovery

—— 3000 fb' 56 discovery

—-—
’ﬂ

IlIIlII|III|III|III|III|II

P I N L
1000 1500 2000



ATL-PHYS-PUB-2015-032

Events / 25 GeV

w

10

10°

10

0

<1 =<
O O

~
~

h\Tb
b

IIIIIIII|IIII|IIII|IIII|IIII|IIII||III

= L3001 5= 14 TeV #77 S\ Background E
- ATLAS Simulation oy §
|_Preliminary Single top —
E Other 3
Eo m(x’x%)=(600,0) GeV .
_ — mid0)=(500300) GeV -

1111 I 11 11 | 11 11 I | N | L |é| I Ll 1 | Ll L g I'.I“”I“‘i"'l': 1 |E

100 200 300 400 500 600 700 800
my [GeV]

1

m( %) [GeV]

900

800

700

600

500

400

300

200

100

=)

HL-LHC prospects

SUSY Weakly interacting

Sensitivity up to 1.1 TeV
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e+ e- collider
Collision energy 90 to 350 GeV
Very high luminosity

 }
|}
\

Haute=Savoie D '

| N
‘ Hadron CO"ider 'Schematicofan
‘ 16 T=> 100 TeV for 100 km 4 80-100kmlong

' circular tunnel

' 20 T=> 100 TeV for 80 km
 § red
\ 3 K4

Key technologies are high-field magnets for the hadron collider
and an efficient high-power superconducting RF (SRF) system for the lepton collider. -




Snowmass report: arXiv:1310.5189

100 TeV pp collisions

8 TeV 14 TeV 33 TeV 100 TeV
10— e e 10° Process | o (100 TeV)/c (14 TeV)
WWwW ~10
Y44 ~10
tt ~30
H ~15 (ttH ~60)
HH ~40
_ stop ~103
) (m=1TeV)
lg‘ 100 TeV vs 14 TeV PDF Luminosities, NNPDF2.3 NNLO
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It really opens a new energy frontier--- .



SUSY Reach for pp @ 100 TeV

100 TeV vs 14 TeV PDF Luminosities, NNPDF2.3 NNLO
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SUSY Reach for pp @ 100 TeV

In terms of Higgs/EWK p ) 1 ﬁ
hierarchy problem t_- X1
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p

CL, Exclusion

This scenario implies
a tuning of the level of 0.05%
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SUSY EWK @ 100 TeV

| IMLALRLAS LML LU IMLEML I I

. sollider Limits
: @) 100 TeV
@ 14Tev

wino I disappearing tracks

higgsino

Monojets .
mixed (B/H)

mixed (B/W)

q X

gluino coan.
stop coan.

squark coan.

Long-lived
(disappearing tracks) ° 1 2

Multi-Lepton Limits

(
/ / wino / higgsino & NLSP mass
~O "
P, X2.._.- ~< . [ LSP mass
4 T X higgsino / wino
, EARTTTUUR A ¢ Multileptons
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X1 \r\ v
/ wino / bino
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A 100 TeV pp collider would probe the multi TeV WIMP mass [TeV] 80
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