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Phenomenology



Supersymmetry (SUSY): a symmetry between bosons and fermions

It is the unique extension of the Poincaré algebra

= P, (translations)

" M, (rotations and boosts) {Qa R Qﬂ} = (j/ﬂ)aﬁ Pﬂ

" Q, (SUSY transformation)

Conventional . Every SM
Subatomic . ? i particle has a
particles . | SUSY partner
e with identical
: ‘ : quantum
R 4 - numbers except
Super- for spin
particles

SUSY scale could be anywhere from O up to M, but...
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1. Solves the Higgs naturalness problem
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1. Solves the Higgs naturalness problem
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Broken SUSY still provides a solution to the hierarchy problem
if superparticles have mass at the TeV scale or below
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Solves the Higgs naturalness problem
Opens the door to GUT
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1. Solves the Higgs naturalness problem

2. Opens the door to GUT
3. Provides a Dark Matter candidate

DISTRIBUTION OF DARK MATTER IN NGC 3198
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General supersymmetric lagrangian violates leptonic and baryonic numbers

dr R
SR

up up

u u

Solution: new symmetry postulated

+1 for particles
R = (—1)3B-L)+2s

-1 for superparticles
If R-parity is conserved:

®= No B and L violation by construction

= SUSY particles created in pairs at colliders

Lightest Supersymmetric Particle (LSP) stable

= LSP is a natural dark matter candidate if neutral and interacts weakly

= Missing transverse energy signature at LHC
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Because of the symmetry, SUSY diagrams are obtained from SM ones adding tilde on

two of the particles. Examples:

gauginos
—

-

"I \A \A ’v/

~ ~

slepton, squark slepton, squark
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Because of the symmetry, SUSY diagrams are obtained from SM ones adding tilde on

two of the particles. Examples:

H?, HY H
1
v
I —~
151,/'/1\\1;;2 L _y- th 2’ "v..tR

gauginos
ﬁ
- fv’ \A\ ~ \A ’v’

slepton, squark slepton squark
.N\Féb\/"\,‘» /2\\
gauginos
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J\P,.J* ", gauginos gfi\ Higgsino
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We don’t know how SUSY is broken, but soft SUSY breaking effects can be parameterized in the
Lagrangian without introducing new quadratic (A?) divergences — 105 free parameters but they
are constraints by the experiments since they could induce flavour changing neutral currents
(FCNC) or CP violation at an unacceptable level

1 e - ———
L.S‘Oﬂ — —§ (M3gg -+ MQWW -+ MlBB -+ C.C.)

M, ¢ ~1TeV



W _
o= A N ~ —= =7~
QR miQ-LTm2L - um%uf —dm?3d —emégr
\ It J
| |
Left handed Right handed
2
mQ, mL, mu, md, me are i (r:e;;;frﬁ’
3x3 matrices in Flavour K g ‘: K Not observed experimentally
’“L__bc,%f;%a;_e_ — constraints on mass matrix

M, ¢ ~1TeV



soft
— (ﬁau QHU, — iad éHd — €ae EHd 4+ c.c.)

A-terms result in L-R sfermion mixing, proportional to fermion Yukawa
Each of a,, a4, a. is a complex 3 x 3 matrix in family space, with dimensions
of [mass]

I
Trilinear couplings example: A



soft

—m3, HiHy, —my HyHy — (bH Hy+ c.c.).

Contributions to the Higgs potential
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We don’t know how SUSY is broken, but soft SUSY breaking effects can be parameterized in the
Lagrangian without introducing new quadratic (A?) divergences — 105 free parameters but they
are constraints by the experiments since they could induce flavour changing neutral currents
(FCNC) or CP violation at an unacceptable level

1 L s -
LSOft — —§ (M3QQ+M2WW+MIBB+C.C.)
— (ﬁau @Hu — iad @Hd — Eae sz + c.c.)
. e
—QTmQQ L'm?L—umi% t—dm d —e égr

—m3, H:H, —m3 H;Hy— (bH,Hy+ c.c.).

Soft SUSY breaking terms should be merely viewed as a
parametrization of our ignorance and can be used as an effective
lagrangian from which to derive phenomenology

22
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The MSSM has 105 new parameters
" 8 parameters in the gaugino /higgsino sector ( 3 real and 5 phases)
= 21 sfermion masses

= 36 real mixing angles to define the sfermion mass eigenstates,

= 40 CP-violating phases that can appear in sfermion interactions.

Reflect our ignorance on SUSY breaking

Most of these are new flavor violation parameters or CP violating phases

Phenomenologically more “viable” models can be defined by making some further
assumptions :

= All the soft SUSY breaking parameters are real and therefore there is no new source of
CP violation in addition to the one from the CKM matrix

= The matrices for the sfermion masses and for the trilinear couplings are all diagonal
implying the absence of flavor changing neutral current (FCNC) at tree level

=  The soft susy breaking masses and trilinear couplings of the first and second sfermion
generations are the same at low energy to cope with some severe constrains such as for
example from neutral kaon mixing
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The pMSSM has 19 parameters instead of 105 for the MSSM

3 wino/bino/gluino mass: M, , 5

10 squark/slepton soft masses

Ratio of Higgs vevs: tanf

Pseudo-scalar Higgs mass: m,

Higgsino mass parameter: 1

3 trilinear couplings for the 3rd gen: A,

A comprehensive study of the 19-parameter pMSSM is
computationally expensive

Can reduce the number of parameters to 10 by assuming

a common squark mass parameter for the first two generations,
a common squark mass parameter for the third generation
a common slepton mass parameter

a common third generation A parameter.
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Top-down approach
= Model of SUSY breaking inspired by gravity mediation
= Impose boundary conditions at high energy scale

" Predict phenomenology at the EWK scale (renormalisation group equation)

Five parameters

1500
GUT scale:
Scalar masses (mO)
Gaugino masses (m1/2)
Trilinear couplings (AO) %‘1000_
Low-energy: 9,
tanf and sign(u) ﬁ i
= 500
At EW scale: -
M3:M2:M1~7:2:1
mslepron<msquark 0-j|,|,|,|.|,|.|.|
12+m2, <0 2 4 6 8 10 12 14 16 18

Log, ,(Q/1 GeV) 26



From all sparticles consider only 2 or 3, decouple all others, 32
force a specific decay mode(s) (with fixed Branching Ratio) Ly = —

J%:a:x" + h.c.

M2

mass 1

Assumptions on the chirality and nature of particle involved s g
gt
Not always realistic but nice tool for analysis optimisation +qq
and display results
0
mXO__ \ 4 X

A
ﬁL
or
/ Fix one
v / of Am
B=LSP

m(A) 27



NLO + NLL, pp, Vs = 13 TeV
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Sep2018 CMS Preliminary

M & ;o 3 7 : @ 3 @ 7 TeV CMS measurement (L<5.0 fb™)
. i P E P o714 @ 8 TeV CMS measurement (L<19.6 fb™)
5 PoE P o 0§ 3 i @ 13 TeV CMS measurement (L <35.9 fb”)
— Theory prediction
Z Z 2 CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7



Search strategy designed to provide coverage for a broad class of
SUSY models

Long-
Prompt Lived
R-Parity-Conserving R-Parity Violation
Strong Various
gen stop,  EWK- e prod. lifetime
squarks, sbottom inos, RPV RPV
gluinos sleptons decays decays

Image credit: M. D’Onofrio

+Additional Higgs boson searches
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Squarks and gluinos
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If Mark™M Glino » then the squark decays to a gluino and a
quark via strong interation otherwise weak interaction:

q
q ’4
g XX

q
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If m then the squark decays to a gluino and a

squark>m gluino 7
quark via strong interation otherwise weak interaction:

/

q
: W:t
il
T X1
Ei

<~ _ X1 .
X1

W
/

q

q
-
-
~
-~
q
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then the squark decays to a gluino and a
quark via strong interation otherwise weak interaction:

If msquark>m gluino 7

q q
’ 4‘@ ’ "
== ~0 ~ ~O
’g’r Xl ’q’f lelz Xl
-~ e ~F
i = e X1 ~0
q X3 q X1
p p WF
q q
q q W
Z/h
p ) : / p / e :Z
q 0 q =0 %
g M x PR ot X
i X9 -7 Xy X2 .
-~ "’:*: ~:|:
\\ Xl ~ \\ X =) =
i X1 22 o X1
p 17,74 p b4
q q w

Note: Intermediate particles can be offshell, asymmetric decays also possible! 35



The gluino only interacts via strong interaction, so the decay is to squark-quark. If

m then the squark will be virtual and one will have a 3-body decay:

sququ>m gluino
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The gluino only interacts via strong interaction, so the decay is to squark-quark. If

m then the squark will be virtual and one will have a 3-body decay:

sququ>m gluino
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The gluino only interacts via strong interaction, so the decay is to squark-quark. If

m then the squark will be virtual and one will have a 3-body decay:

sququ>m gluino

Rqg: Intermediate particles can be offshell, asymmetric decays also possible! 38



Thanks to the mixing, the lightest stop can be the lightest squarks

Lowest cross-section (no top in proton) q

Large spectrum of possible stop decays: "

300

Il
—~ 1
m(x?) E
14
[GeV] 250 Forbidden:
m(t,) < m(x;)
200
150 |
100 | -
5 ~ =7
s 4 b, ==Ly
;.r
50 v ....
A Xﬂ*) > W hF0 —»
..I..'. 67.."
0 "'l! h LLLl L " o O T rlasasalisrals sy Ly
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m(t,) [GeV]
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A detailed example:
OL analysis

arXiv:1405.7875
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Missing transverse energy (MET) can
indicate the presence of neutrinos or

—
other non-interacting particles (ex: e

Transverse

Isp neutralino ) Momentum

Muons

It is calculated as the negative of the
vectorial sum of all of the objects
reconstructed in the event:

W:_ZﬁT

objects

Nikola Makovec

Photone

919\ ueyJas 'y
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Signal swamped by SM 1012 LHC, \/3 = 8 TeV
background: i
* Need a first selection 10° | o o,

online (trigger)
\ diJet(pr > 100 GeV)

EIOG o
Jet+MET trigger %mB " N, e > 400 Gev)
O;:) A
Fully efficient with <_§;. 1
respect the following
offline cuts: 1073
" lLeading jet pt>130GeV ] gi
" MET>160GeV 1076

Scale / Mass [GeV]
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Events without lepton

—_ — —
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Number of events

ATLAS Internal =gib030"
o Data 2012 Vs = 8 TeV gy

All data recorded by ATLAS
L=21.3fb!
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o
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Calorimeter large scale coherent noise

-
(@)
=
)
(@]
i




ATLAS 2010-10-03 15:30:22 CEST source:JiveXML_166142_33488938 run:166142 ev:33488938 lumiBlock:204 Atlantis
pZ Projection « pZ Projection
o l
| 0
Q
1 1 Ll 1 I
(=]

pZ PrOJECIIIOn




Reject events with at least one Looser bad jet with pT>20GeV
or with at least one Tight bad jet with pT>100GeV

m .

o 10° ATLAS Internal =g'b°S°"
>

< 10°18 o Data 2012 Vs = 8 TeV gy .
g 10° » after detector cleaning = Top

= « after offline cleaning

Z 10°

A O
—1 llllllllll 11 Ul 1
L 500 1000 1500 2000 2500 3000 3500 4000
Missing transverse momentum (GeV)

No more unphysical tail!
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" Veto events with electrons

) 10*2 LHC, /s =8 TeV
and muons with pT>10GeV e 7
. 10° | o o,
" Main background:
= Z—vv+tijets: irreducible diJet(pr > 100 GeV)
background, dominant at low jet =10° \
multiplicity % e
- o . . . 0
W+jets: mainly coming from .g 4 Z diJet(pr > 400 GeV)
W1V decay © 10 . N
n
=  Top: mainly pair production with 2
W-—1v decay, dominant at high O
jet multiplicity o 1
= Diboson: small (<10%)
estimated from MC 10-3
=  Multijets: negligible thanks to .
harsh cuts to reject it _ 9
10 100 1000

Scale / Mass [GeV]
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Discriminating variables

Number of events

miss
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. jets
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miss H _ jets
My,=H +FE" . > pi
jets pT>40GeV
Channel
Requirement 2j 3j 4 5j 6j
2jl 2jm 2jt 2§(W) 4j(W) 4jl- 4jl 4jm 4jt 6jl 6jm 6jt 6jt+
e = e = == & a0 = =
Targetted signal qq gg 4 qq itz} 4g & gg gi 94 —
direct one-step direct one-step direct one-step one-step
Ad(j1. 231 EF™) > 04
AP(ji>3, ERSS) > - 0.2
2W—j W j+
W candidates - - W jj -
60<m(W)<100 GeV 60<m(W)<100 GeV
ERiss| AT > 8 15 15 10 10
E%‘i“"’/mcﬁ-(Nj) > 0.25 0.3 0.35 0.4 0.25 0.2 0.2 0.2 0.25 0.15
meg(inel.) [GeV] > 800 1200 1600 1800 2200 1100 700 1000 1300 2200 1200 900 1200 1500 1700
q
p
] o0
9 e X1
-~ - = O
q X1
b
q
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Channel
Requirement /) 3
Q1 2m 2t 2i(W) 4(W) 4jl-
Targetted signal U 9 19 i
direct one-step direct one-step
M2 EF™)>
Ay, ER') > -
QW W+
W candidates - - W= jj
60<m(W)<100 GeV 60<m(W)<100 GeV
ENS/\HT > § 15 15 10
Er™ [megi(Nj) > 0.25 0.3 0.35
megr(incl.) (GeV]> | 800 1200 1600 1300 2200 1100 700




Meﬁ, _ HT n El;zzss HT — Zp%ets

jets pT>40GeV
Channel
Requirement 2j 3j 4 5 6j
2jl 2jm 2jt 2§(W) 4j(W) 4ijl- 4jl 4jm 4jt 6jl 6jm 6jt 6jt+
= = e == = 70 & ad P o
Targetted signal qq9 99 q9 qq qq9 qg &< gg qq 99 | NUHM
direct one-step direct one-step direct one-step one-step
AG(j1 23 EF™S) > 04
Ad(ji>3, BRI > - 0.2 |
ZW =g W= j+
W candidates - - W jj -
60<m(W)<100 GeV 60<m(W)<100 GeV
E![‘.““/\,fHF> 8 15 15 10 10
E%‘."'“ /e (N j) > 0.25 0.3 0.35 04 0.25 0.2 0.2 0.2 0.25 0.15
| meg(incl.) [GeV] > | 800 1200 1600 1800 | 2200 | 1100 700 1000 1300 2200 | 1200 | 900 1200 1500 1700 |
q
’ 4-
] <0
9 g X1
- -
-~ - = O
-~ o~
q X1
p
q
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miss H _ jets
My,=H +FE" . > pi
jets pT>40GeV
Channel
Requirement 2j 3j 4 5j 6j
2jl 2jm 2jt 2§(W) 4j(W) 4jl- 4jl 4jm 4jt 6jl 6jm 6jt 6jt+
—— 74 7z a7 7 aq 4 & 47 aa 99 NUHM
= direct one-step direct one-step direct one-step one-step
Ad(j1 2.3, EF™) > 0.4
AP(ji>3, ERSS) > - 0.2
2W—j W j+
W candidates - - W jj -
60<m(W)<100 GeV 60<m(W)<100 GeV
ERiss| AT > 8 15 15 10 10
EMISS [, (N j) > 0.25 0.3 0.35 0.4 0.25 0.2 0.2 0.2 0.25 0.15
T eff
meg(incl.) [GeV] > I 800 1200 1600 1800 | 2200 1100 700 1000 1300 2200 l 1200 I 900 1200 1500 1700 |
q
P

i =0

9 g X1

-~ — O

q X1

p
q
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Requirement 3j 5j 6j
2jm 2jt 2j(W) 4j(W) 6jl 6jm 6jt
= s P = = 5
Targetted signal 3 9% 19 44 qq 99
direct one-step direct one-step one-step one-step
Ad(j123) EFS) >
A‘ﬁ(]r)"s E![l_liss) >
2W—oj W j+
W candidates - - W jj -
60<m(W)<100 GeV 60<m(W)<100 GeV
Emiss| \Hy > 15 5
E‘f"'-‘*‘/mcﬁ-(Nj) > 0.25 0.3 0.35 0.2 0.2 0.2 0.25
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N pred MC
Zvv Zvv
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= ik

o 10° e ATLAS Internal 4 E
g MC (&) - VRZ - 2 jets Ldt=203fb 2
Npre N = - ® Data 2012 (s = 8 TeV);
Zvv Zvv = L ZIl+2jets —SM Total il
_,g = = =SM Total alt. =
o I B z+jets -
() , B tf(+X) & single top _
10 = P w+jets =
- BDiboson =
10 = —
15 E
-: AL i o] | | | L B T J |‘:
S =
= SE -3
= 1.6E =
= % ;
< 05- _ —

- 05 500 1000 1500 2000 2500 3000 3500 4000

m.x(incl.) [GeV]

meff '= met'+H . = ‘met + pZ”‘ +H
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. > 47\\ TT ‘ TT 1T ‘ T 1T 17T ‘ T T 1T ‘ T T 1T | LI ‘ T T 1T ‘ T 1T 1T ‘\7
le +2 etS 8 10 : ATLAS Intemal | g ae E
N data '] = . VRZ - 2jets o -l‘ata 2012 ({5 = 8 Tev)]
= —SM Total
Npred NMC 4 i £ 10° 3 - -SM Total alt E
ZVV ZVV NMC % E lé(tij(t)s& single top E
scale factor 107 W Weets 5
le F lDiboson .
. . . . 10= —
= Renormalize the MC to data in dedicated control regions 2 E
= Control regions are orthogonal to the SR (by inverting cuts) L ] ;
but have kinematical cuts close to SR ]
= e S AN A
= & E
< e = _ = -
a 06 500 1000 1500 2000 2500 3000 3556 4000

mg(incl.) [GeV]

meff'=met+H, ‘met+pz”‘+HT
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N pred data {
Zvv 2V ZI

Renormalize the MC to data in dedicated control regions
Control regions are orthogonal to the SR (by inverting cuts)

but have kinematical cuts close to SR

Systematic uncertainties which are correlated between CR
and SR largely cancel out in the transfer factor

Zll are statistically limited

\\‘\\\\‘\\\\‘\\
ATLAS Internal

. 3 10 & 2
= _ -1 3
le+2.]ets © g VRZ - 2 jets JL‘“‘ZO'”’ ]
S B ® Data 2012 (Vs = 8 TeV),
= 107 —SM Total _
% E - =SM Total alt. =
o u W z+ets ]
1) , r tf(+X) & singletop |
transfer factor 10° B WHiets E
= W Diboson .
10 . 5
i = = 1= E
C A ]
1= ] H =
E : 3
5 !Llf}f_ il bty i)
O ; : e
= :
= 5E e
f_: 1: .:rvmﬂﬂ";dﬁ#{ =3
< 05 AR L —
= 0 500 1000 1500 2000 2500 3000 3500 4000

mg(incl.) [GeV]

S
meff'=mef+H, = ‘met+pT ‘+HT
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The background can also be constrained by the data using a control region where the

number of events is noted m

n —(ILIS+b) m _—1b b =z‘b=i
(us+b)'e (D))" e = R
L(n,m| u,b) = : )
n! m! b - TF'mmeas.
Here b is treated as a nuisance parameter.
If beg=1b # m__., need to adjust b to maximize the likelihood.
In general, there should also be also an uncertainty on T
One can also introduce equivalently the background strengh parameter (L, b)
(1.5 + g1, b)Y e 5 (1, b )" e e ~ M.
L(n9m|/u9/ub)= ’ ,le— b
n! m! CR

There should also be also an uncertainty on b and b, which should be highly

correlated. o1



N pred

Zvv

= Renormalize the MC to data in dedicated control regions
= Control regions are orthogonal to the SR (by inverting cuts)

NMC

Zvv

N 7/

data

MC
Nle

but have kinematical cuts close to SR

= Systematic uncertainties which are correlated between CR
and SR largely cancel out in the transfer factor

= Zll are statistically limited

= The process y+jets has much larger statistics
=  But massless boson and different couplings
= Transfer factors theoretically understood at the 5-10% level

:]\[MC><
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Ndata
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+ jets
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/4

+ jets

10*

Lll+2jets
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LI L

EEERNERAR
_[L dt=20.310"
® Data 2012 (\s =8 TeV,
—SM Total
y+ets
Multi-jets
P Waets
ti(+X) & single top
.Diboson

i gl

Buidlll

11 lllUlI 11

] l]lll]l.l 1 llllllﬂ

11 lllllll

Data / MC
O(.H_u;I\)UI
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photon control region

Isolated photon
+jets

MC

signal region

Multijets Top



photon control region

[Isolated photon ] W control region

+jets
30<M.(l,MET)<100GeV
No b-jet

MC

Multijets Top e
- top control region
30<M;(I,MET)<100GeV
b-tag

MC

signal region
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photon control region

[Isolated photon ] W control region

+jets
30<M.(l,MET)<100GeV
No b-jet

MC

signal region

MC
Multijets Top .

QCD control region - top control region
Reversed ] 30<M,(l,MET)<100GeV
Ap(jet,met) and Data dri b-tag
MET/VHT cuts J ata driven
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photon control region

[Isolated photon ] W control region

+jets
30<M.(l,MET)<100GeV
No b-jet

MC

signal region

MC
Multijets Top .

QCD control region - top control region
Reversed ] 30<M,(l,MET)<100GeV
Ap(jet,met) and Data dri b-tag
MET/VHT cuts J ata driven
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A global likelihood fit for the normalization of each background from
the 4 control regions is simultaneously performed separately for each
signal region.

" Background cross contamination in control regions automatically
taken into account

L(n,6°p,s,b,0) = P(ny|As(pt,5,0,0))) x [ Pl|A(p,5,6,0) x [[ G(69,06;
reCRs j€SUs

S—

JEbkg

Systematics:

" Cancellation of the main systematics thanks to semi data driven
technique

= JES, JER: 1 to 12%
" Theory: 5 to 20%
= Statistics in CR: 1 to 30%
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MC background prediction

Data/Bkg

10°

SAA ATLAS JL dt=20.3fb", Vs=8TeV Ay
10* S I Diboson
R 1 Multijets
N\ [ W-ets
1 03 AN I:l Top

Bl Z+jets
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I III!III| | AT T

1 02 DLAABAT NN \ ‘:
R — SN
10 Ay

NN
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OO0 ==t
oMM

2 2im 2t 2W 3 4j- 4j 4jm 4t 4W 5 6 6m 6t 6jt+

Signal Region
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Data/Bkg

I

I I I I T I I I 1 I I T T T

ATLAS IL dt=20.3fb", ys=8TeV Q;éq gl?f} qrﬁ?a}z
I Diboson
1 Multijets
I W+jets
[JTop

Bl Z+jets
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13 S \ ‘
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Signal Region
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Variable |

>

Validation Region Signal Region

Extrapolation from CR

Validation Region e

extrapolation of variable |

Validation of the

Validation Region

Control Region

Validation of the
extrapolation of variable i

>

Variable i
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Several validation
regions were
designed to validate
the background
prediction

Pull:

nobs —Nn pred
O

Good agreement
between data and
the prediction!

ATLAS J-L dt=20.3fb", \s=8TeV

2jl
2jm
2jt
2jW

VRZ VRW VRWv VRWt VRT VRTv VRTt VRQa VRQb

)
| | |
Z w Top Multijet
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Data/Bkg
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ATLAS IL dt=20.3fb", ys=8TeV Q;éq gl?f} qrﬁ?a}z
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Bl Z+jets
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Number of events

Data/Bkg
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No excess observed
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+ ~0~0

Simplified model, gg — qaqq x x — oagg W'W* ZX,

A

e Others

It et X

O

x=AM(X- 7Y/ AM@GZ])
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mSUGRA/CMSSM: tanp = 30, A0= —2mo, u>0
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Different processes contribute, relative contribution depends on the parameters values
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Additional
Higqgs bosons



Yy =0

1 3
g

)

SM  fermions
anomaly cancellation Now in SUSY we got at least Need a Higgsino with
Miracle of the standard model one new fermion, the Higgsino Y=-1/2 to avoid anomalies

This new anomaly cancels if and only if both the ﬁu and FId Higgsinos exist.

The masses of the up-quarks (u.c.t) arise from coupling with Hu 2 Higgs doublets
needed!

The masses of the down-quarks (d.s,b) arise from coupling with H ,

WBWIID "D

Tt



Higgs sector in SUSY contains two scalar doublets = 5 Higgs

= neutral, CP-even: h, H
" neutral, CP-odd: A
" charged H*,H™

Uy
v2=v2+v; tanf=—

At tree level two free parameters: m, and tanf3

— g2 2
My = My + My

m¥ o, =3 (mﬁ +m?% + \/(mﬁl +m2)? — 4am%m?% cos? 26)

bERG  — —(m?+m?%)sin2p3

m2 —m2 ) cos 28+1/(m2 +m2 )’ —4m2 m2 cos? 23
Zz — M, ATMZ Az

o 1

H" = Re(Hj) cosa + Re(H,)) sina,
h’ = —Re(Hj) sina + Re(H)) cos a, v
A" = Im(Hjy) sin B + Im(H) cos B,
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mi ~ mycos-23,

m? ~ m% 4+ m%sin®23,

m?‘q g 3 'm.%v .

m? sin® 413

5
s

H-

|

203 _ ~ <<1 (alignment limit)
cos“(f — av) = ?4
(R — A, H, H*

A

£
— A, HE
—h —h
low m(A) high m(A)
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Two main production modes:

bb¢ (enhanced at large tanp)

gg— ¢ ¢=(h/H/A)
g

T R, S h,H, A
g

h  sin(f — «)

Yuu
cot 3

sin «/ sin 3

cos o/ sin 3

Jdd.ee
tan 3

cos o/ cos [3

—sina/ cos 3

[ /5= 14 TeV SR
10 L tanB =25 ggH
[ M,, = 126 GeV bbA ..

400
Ma [GeV]

600

800

1000
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Neutral Higgs $=H,A decay modes at m(A/H) > 350 GeV :
= BR(¢d—>bbar)
= BR(p—>TT)
= BR(¢p—>tt) (enhanced at low tanf)

10° FeynHiggs+HDECAY
:
10" E
1 — Ao
2., | — A-bb
o 10 ] — A-t
1 — A-m
10~ | /

| | |
200 400 600 800 1000
ma [GeV] 84



Hadronic t: narrow jet with one or three tracks
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Signature: 2 isolated high leptons (e, 1,7, )

" e, €Ty UTh, TyTy

Background:
= Dominated by T mis-identification: Multijets, W +jets,...

= Z->711is not so large in the high mass region

16 categories for sensitivity optimization

Signal extraction based on:

it = \/m (pR, pR) + nid(p, priss) + m2 (p 2, piris)

mr = \/2 Pt P [1 —cos(Ag)].
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H— 77 —eu
H— 71— em
H— 77— um

H—7mr—mnm

g wesooy———b | arge tanp
. .
- ek h/H/A
tybit, by  Oe==e== k
g g TTTTT b
No b-tag b-tag
Low-D Medium-D; || High-D, Low-D, Medium-D¢ || High-D,
Loose-m Tight-mp Loose-m Tight-m
Loose-mr Tight-mp Loose-m Tight-m
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g woseoy———b | grge tanf
g
t,b,t, by e ----- h,H, A [ B/R/A
& g TTTTT b
No b-tag b-tag

H—71— en Low-D, Medium-D, || High-D, Low-D, Medium-D¢ || High-D¢
H— 71— er h | Loose-my Tight-m Loose-mt Tight-mp
H—7m7r— 1T | Loose-my Tight-m Loose-m Tight-m
H— 7 = mm
Z — pp

w0 I

Signal region (SR)

‘ Control region
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T, NO b-tag 35.9 o' (13 TeV) Tty D-tag 35.9 o' (13 TeV)
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* Model-independent exclusion limits for gg — ¢ and gg — bbd:
* All categories and final states combined together

* Limits cover a large range of mg,

No significant excess with respect to background expectations

35.9fb" (13 TeV)

95% GL limit on o(gge)-B(0—1t)(pb)

I + Olbs:erved J

[ 68% expected
[]95% expected

—— Expected b quark only
—— Expected t quark only

g9 - ¢

g

o

1 E:
'OF §
c|

¥

-2 '
10 E”E
=
10k, S:
100

CMS PAS HIG-17-020

1 1 1 ! U T T o | L
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35.9fb" (13 TeV)

95% CL limit on o(bbg)B(0—tt)(pb)

— Mo aruad j
== woseived

[ 68% expected
I:] 95% expected

g9 — bbo
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L. Finco
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35.9 b (13 TeV)
C M S 95% CL excluded:
[ ]Observed 1 68% expected
---- Expected 95% expected
L] 1 ] I ) 1 L) T l T L ) T i
. hMSSM scenario

40}
30}

20}

L
500

1 | 1
1000
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1500

2000
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tan f3

10

N W RO
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I RC U R R R
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hMSSM, 95% CL limits
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- - -+ Expected
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Assuming R-parity with the photino as the LSP and all other
sparticles decoupled:

®= Draw Feynman diagrams for squarks and gluinos production at the LHC

" Draw Feynman diagrams for squarks and gluinos decays
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Assuming R-parity conservation, show that

1. SUSY particles must be produced in pairs

2. One SUSY particle (except the LSP) must always contains exactly
one SUSY particle in its Decay products

3. The LSP is stable

1) 3)
SM+SM —=SUSY + SUSY LSP »SUSY +SM +SM + ...
= S - R=(-1) = (- x(HD x(+D)
: (+ 1) & (+ l) ( 1) & ( 1) not possible because no lighter SUSY particle
2) LSP 3SM +SM +...
SUSY —=SUSY+SM +SM + ...

R=(-1) = (+1) x(+1)

R=(-1 = (-1) x(+1) x(+1) not possible because R-parity
must be conserved
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e 359 b (13 TeV)

> _IIIIIIIIIIIIIIIIIIlIIllllllllllllllllllllll_
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©
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n
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o
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>_|_I T | T T T T T T I T T T I T T T | T T T | T T T ]
C M S ¢ Data ]

L [ ]Z-m ]
[ Jetst, |

Tight-m, Loose-m, [ Z—uu
: I Electroweak
I

i || Background uncenalnty ]

e o ey ey by e by
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M
m (GeV)

= \/2 pf}(") piss (1 — cos Ag)
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Background process Misidentification ey  et, HTh ThTh
H — 177 (SM) MC MC MC MC
Z—TT Mct mct mMct MmcCt
£ —% W MC MC MC
Z— (L ok 5 o MC 5 E E
. : T/l = T MC MC MC
Diboson+single t P, MC E E E
_ T/l = 1 + MCT MCt MCt
tt MC
Jet — 7, Fr Kk kK
Wjets Jet — 1, MC Fr Fr Fr
QCD multijet production Jet —» 1, CR Fe Fr Fr

" Normalization from control region in data.
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The existence of soft susy breaking terms have been justified in the context of

spontaneously broken local supersymmetry i.e. spontaneouly broken supergravity

The spontaneous breaking occurs in a so called 'hidden sector' at high energy scale
and is transmitted to a so called 'visible sector' at lower energy scale (SM particles and
susy partners) via some interactions (messengers) :

= gravitational interactions = e.g. MSUGRA, AMSB

" new gauge interactions = e.g. Gauge Mediated SUSY Breaking i.e. GMSB

Supersymmetry Flavor-blind MSSM

breaking origin VAVAVAVAVAV -

(Hidden sector) i (Visible sector)
<F>7 <D> Mmessenger Mgoft
High scale Popular messengers: Contribution to

gravity, SM gauge bosons sparticles masses

Image credit: A. Raklev
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@ Obtaining physical masses implies diagonalization of the mass matrices
coming from the original Lagrangian

@ To treat the sfermions in complete generality we would have to consider
arbitrary mixing and diagonalize
1. a 6 x 6 mass matrix for the up-type squarks (7,, 7z, ¢, Cr, iz, lig)
2. a6 x 6 mass matrix for the down-type squarks (b;, bg, 5., 5z, d., dg)
3. a 6 x 6 mass matrix for the charged sleptons (T, Tk, fiz, [ig, €., €r)
4. a 3 x 3 mass matrix for sneutrinos (v, v,, V,)

Fortunately most of mixing angles are small in viable models and the
Yukawa couplings for the first and second generations are negligible. We
end up with 7 unmixed pairs

~ ~

(¢, er), (@i, @g), (5., $r), (dr, dr). (fie, {ir), (2L, &), (V., V)

and 3 mixing pairs (due to sizable Yukawa coupling)

(ir, @), (br, br), (%, %r)

UNIVERSITY
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Obtaining physical masses implies diagonalization of the mass matrices
coming from the original Lagrangian

Fortunately most of mixing angles are small in viable models and the
Yukawa couplings for the first and second generations are negligible

For the stop:

e (i @) [, Mot A ysind e —ymcotB))
vop—mass = UL R\ 2 sin B (a, — yypcot ) mz +m; + Ay, sl "

where Ay, . isan SU(2), x U(1)y D-term (Ag, , = M3(T3g, . — O,z sin” Ow ) cos 23)

> Lo 2 2

)
F \/(mz@ — m%R - By — AMR) + 2v2sin” B (a, — y,p cot [3)2]



Weak SUSY



Field Content of the MSSM

Nikola Makovec

Super- Super- | Bosonic Fermionic
multiplets field fields partners | SU(3) |SU(2) [ U(1)
gluon/gluino Vs g g 8 1
gauge boson/ v wE, wo | wE, wo | 3
gaugino % B B 1 1
slepton/ L L€ ) (v,e7 ), | 2 -1
lepton E€ éE €% 1 1 2
squark / Q (ur,,drp,) (u,d)p, 3 2 1/3
quark (z ¢ Up u§ i:% 1 —4/3
D¢ R 2 3 1 2/3
Higgs/ Hy |(HY,Hy) |(HY).HY) i 2 —1
higgsino iy, | (Hf, HY) | (HE,H) | 1 2
- 20 250 3750 50 ~0 ~0
Higgs sector extended to 5 H, H; W B —> v, %,
Higgs bosons: h, H, A, H* ot oo e e ol o
Hu Hd ww EW L1 2
symmetry
breaking

- -
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(i) Neutral components — Neutralinos

M, 0 —g'va/2  g'v,/2 B
R B o " 0 M, gvq/2 —gv,/2 wo
Lneutral e E (B w? Hg HB) —g’vd/Z gvd/2 0 —u i:[g +h.c.,
gv./2 —gv,/2 —l 0 H
My

Mass eigenstates, the neutralinos, obtained after diagonalization

diag (mi? ;Mg Mg "1722) :

(i) Charged components — Charginos

1

s gy T (W or— W+
Lc‘harged = _5 (W Hu ) C (I':I]—) T (W Hd ) C (" ) +iR.c. (55)

with the mass matrix of the charged components given by

M, gvy/2
B (8Vd/2 o ) ' (56)

where the eigenstates are the charginos x;- and x5".

~
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Bino case
Open Spectra

mu . N3,N4, C2
M2 ———— N2, C1
M1 N1

Wino case
Degenerate spectra

mu —————— N3,N4,C2
M1 N2
M2 N1, C1

Long-lived particles

Higgsino case
Compressed spectra

M1 N4
M2 N3, C2
mu —— NN G

Very challenging
(low MET and soft decay products)
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W
q &
>WZ“<

=2

W+ '

S
2

Bl R
2
N
) )
SRSy

=2

Rare processes at the LHC: only quarks in the initial state
At least two vertices involving the electromagnetic or weak coupling

T

P - . G S .\

|

e e e

=N

R

=W

=]

=




NLO + NLL, pp, Vs =13 TeV

—r
o
~

---------------------------------------------------------

— i:‘iz (wino-like)

~~

— 99

~—~—

—h
o
n

Cross-section [pb]
=)

10—\ u ........ —aaﬁgxdegene{racy) ........................

~ir~

OGN N =Tt e

l | | I | l L 1 1 1 1

0 500 1000 1500 2000 2500
5 . . SUSY particle mass [GeV]
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Bino case
Open Spectra

N°N*, C2

M2

M1

N2, C1

N1

If sleptons too heavy

Reduced branching ratio to leptons E

= =HO

Signature depend on H decay. b
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« To face the small cross-section the analysis is subdivided into several categories:
2 same-sign C(e,) [ 30(e,w)/ 3¢ with 1 0r 2 T, / > 3¢ with at max 2 T
« Signal regions: bins in kinematic variables (Er™ss , Mr(€, Er™iss)*, pr(€€), Mr,(¢,0)**)

« discriminate from SM bkg and increase sensitivity to different sparticle mass
hierarchies

« It uses single/double lepton triggers (offline pr > 25/20 - 15/10 GeV )

- doesn’t cover the quasi-degenerate region of phase space, but it goes down to Eymiss 50 GeV
« Events with at least one b-tag jet are rejected
« Main residual backgrounds:

. \ (External and mternaq
| WZ production | | conversions )

Non-prompt leptons rare SM processes (charge mis-identiﬁcation)
(W+Jets, ttbar, DY+Jets) | \ ZZ/H, VVV or ttV

* * % 5 _.p . =5 —miss
(Mt = \/ZEmlsspT (1—cos (A¢))) M1, = min [maX{MT P, PR), ME(PE, P )}]

PR +PE =P

C. Botta 108



Results for three light leptons (OSSF pair)

35.9fb" (13 TeV)

CMS
12, =L
S . [ M, (GeV)
> =
& 10 =
10° &=
=M, (GeV) 1
v
102 &
10
1
10"
1= 3 T T T T T
8 [ Stat. bkg
~ -
8
4]
Q

C. Botta

=160

=105 _

(L I

T T 1
SR A: OSSF
—¢— Data
= =1 5 —slllv(500/450)
e 3 —31llv(1000/1)
Wz
[ Nonprompt e/p/t
Bl ZZH
[ Conversions
— A

[ i
23 Total bkg. unc.

=1

Vi
B 1

1 —

| IIlIIlII] IIlIIIIIl [l

1L

LI

[] Total bkg. unc.

Signal region A (31,01)
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Winos NLSP " - -
g -.- 1
§ RN
v

Flavour democratic scenario

CMS preiiminary  35.9 fo' (13 TeV)
pP — X %o — WL,
1000 2

BR@,— |"|')=0.E§m|=0.5mﬁ,+0.5mio | @
s =Observed T 1o, ‘ NCL oxcl. | B £

=::Expected +1c

experiment

CMS rreliminary  35.9 fb™ (13 TeV)
PP - %%, — Vi,
~0 &
BR@.— ||)=0.5(m7 = 0.05m,+0.95m,, ]
=Observed £ 16, NLO-NLL excl.
==-Expected + 10,

m., [GeV]

experiment

600

500— 400

ammmmwan=

PR T N TR TN TR (NN WY NN |

-7i‘-‘||||||l ol Lol

1
-Iltl‘llllll | Lol
o

; 200
vl )
Run | L
0 L i 1 " 2 " 1 : I:
500 1000 500 1000
mi: = mi;, [GeV] m. = mi: [GeV]

2 same-sign 1)
30(e,u) with OSSF pair

m-]-' = 005m_¢ + 095ITL0
X X,

30(e,u) with OSSF pair

C. Botta

CMS rreiiminary  35.9 fb (13 TeV)
PP = X,T, = FE
BR@Z—» =05 m. = 0.95m,.+0.05m,
—Observed £ - '
:::Expected + 16, 0imon
600 2

400

P
....
vvvv

200

™ S\ T l T T T I T T T I

2 same-sign 0 (e
30(e,n) with OSSF pair

My = 0.95m._. + 0.05m_o
3 '3

10"

10?2

=)
95% CL upper limit on cross section [pb]

-
S
S

Bino LSP
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Winos NLSP

W:!:
CAMC . . . 2acqfkli19 Tawn
NS UVENG Frenmnndary vJ.J 1J (1o 1TV)
s 00 0 00
o PP = XX, = WZYLX, 1 o
S =Observed £ 10,,,,,  NLO-NLL excl. =
- - — o
a === Expected £ 10, o iment =
i X 7 [¢h)
- - \‘ _ w
200 ' — @
"\ =10" 8
A ] &
] : =
- I‘ = ] o
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100 SN K %
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1 : : w
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C. Botta
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~:E e e
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pMSSM
interpretation



Most searches interpret results in terms of simplified models

These consider a single production and decay process

Not representative of more complex SUSY phenomenology

4000 -

Mass [GeV]

3600 |- 7
2800 o0

2400 — \‘ \\

O

1600

-

xR

1200 -

800 |- T

400 -

hO

2000 |-

-
-
-




Assumptions:

The pMSSM has 19 parameters instead of 105 for the MSSM

1st gen. sfermion degenerate with corresponding 2nd gen. sfermion
No CP violation beyond CKM
No FCNC

Lightest neutralino as LSP

3 wino/bino/gluino mass: M, , 5
10 squark/slepton soft masses
Ratio of Higgs vevs: tanf
Pseudo-scalar Higgs mass: m,
Higgsino mass parameter: 1

3 trilinear couplings for the 3rd gen: A b
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1. Scan pMSSM space Analysis

0-lepton + 26 jets + EXS  [1405.7875]

= A cartesian grid in 19-D is not possible :
9 7 P O-lepton + 7-10 jets + ET"*  [1308.1841

(4'°=300 billion) so we need to sample

- miss [1501.03555]
the parameter space randomly s s
T(T/f) ot Jets o+ E?lss [1407.0603]

=  Sampled from uniform distributions in the
19 parameters with ranges chosen w.r.t
existing exclusions and LHC reach

" §S/3-leptons + jets + E,'I’?iss [1404.2500]
0/1-lepton + 3b-jets + Ep'ss  [1407.0600]

Monojet [1502.01518]

O-lepton stop [1406.1122]

2. Find points that are not excluded by I-lepton stop [1407.0583]

other constraints dq 2-leptons stop [1403 4853]

. 300 000/500 millions Monojet stop [1407.0608]

Stop with Z boson [1403.5222]

2b-jets + EMiss 1308.2631

3. Generate samples and obtain new th+E™SS stop [1506.08616]

exclusion limits for each analysis using th [1501.07110]

full simulation when needed 2-leptons [1403.5294]

2-1 [1407.0350]

3-leptons [1402.7029]

4. Determine overall status of points 4-leptons [1405.5086]

based on all analysis results Disappearing Track [1310.3675]
Long-lived particle  [1211.1597][1411.6795]

H/A - 1t [1409.6064]
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Parameter Min value Max value Note

mj (= mj,) 90 GeV 4TeV  Left-handed slepton (first two gens.) mass

mg, (= mg,) 90 GeV 4TeV  Right-handed slepton (first two gens.) mass

mp, 90 GeV 4TeV  Left-handed stau doublet mass

M, 90 GeV 4TeV  Right-handed stau mass

mp, (= mg,) 200 GeV 4TeV  Left-handed squark (first two gens.) mass

M, (= My, ) 200 GeV 4TeV  Right-handed up-type squark (first two gens.) mass
mg, (= mg,) 200 GeV 4TeV  Right-handed down-type squark (first two gens.) mass
g, 100 GeV 4TeV  Left-handed squark (third gen.) mass

Mis 100 GeV 4TeV Right-handed top squark mass

mg, 100 GeV 4TeV  Right-handed bottom squark mass

M| 0GeV 4TeV  Bino mass parameter

| M5 70 GeV 4TeV  Wino mass parameter

lul 80 GeV 4TeV  Bilinear Higgs mass parameter

M3 200 GeV 4TeV  Gluino mass parameter

|Af] 0GeV 8 TeV  Trilinear top coupling

|Apl 0GeV 4TeV  Trilinear bottom coupling

|Ar] 0GeV 4TeV  Trilinear 7 lepton coupling

Ma 100 GeV 4TeV  Pseudoscalar Higgs boson mass

tan g | 60 Ratio of the Higgs vacuum expectation values

16




Parameter Minimum value Maximum value
Ap —0.0005 0.0017
Alg - 2), ~17.7 x 10710 43.8 x 10710
BR(b — sy) 2.69 x 1074 3.87 x 1074
BR(B; — u*u") 1.6 x 107 42 %107
BR(B* = tv;) 66 x 107° 161 x 107°
Qooh? — 0.1208
|

Dinvisiblesusy)(Z) — 2MeV
Masses of charged sparticles 100 GeV —
m(yy) 103 GeV —
m(ity 2, d 2, €12, §12) 200 GeV ==
m(h) 124 GeV 128 GeV

ALEPH a4

DELPHI

30 L3
OPAL
:.:izo- ’mm?;sm“m-:ms'
by Factorof 10

bs 2
A, v s
\ H,
x ______
- .r’
If-u _-_-__‘ EH
Hr o) i
M7 \\\Hj
Zj
u u



Present results as fraction of excluded models as a function
of various parameters, such as sparticle masses
» Black means 100% excluded — white is no models generated

Exclude almost all models with

ATLAS

pMSSM: %, LSP

m(g)<1 TeV and m(y,°)<0.5 TeV 3
&)
=1000

I
- \s=8 TeV, 20.3 fb™"

Good agreement with the gluino W
simplified model limit from =
O-lepton + 2-6 jets E ™ analysis\
500
Diagonal excluded

analysis

by mono-jet —T

0

For heavier gluinos, do not havpe
100% exclusion due to models
with intermediate sparticles

B. Petersen

500

— — qqz‘: [1405.7875]

—

o

o))

Fraction of Models Excluded

»

e Band of sensitivity for model
W with ¥ — wino-like LSP model

7y from disappearing track search



For light-flavor squarks, only m(q)<250 GeV fully excluded

ATLAS pPMSSM: 7° LSP
= 1000——————— . — 1
[ I — 8 — g7 [1405.7875]
O, " s=8TeV,2031b" ',
— C @4 - a7, [1405.7875] 88 o

Not in agreement with W 800
simplified model limit from g
O-lepton + 2-6 jets E ™ analysis600

q \
p
>@, %l

|
=
o

Fraction of Models Excluded

i~
Ql
/
KQA
>
—o
N
o
o
LI N B B B I

Due to not all 8 light-flavor
squarks being degenerate 0
in the pMSSM

500 1000 1500
m(q) [GeV]

o

B. Petersen 119



B. Petersen

Electroweakino exclusion complicated due to strong dependence
on the nature of LSP (Bino, Wino and Higgsino admixture)

ATLAS pPMSSM: %, LSP
. < 600———————T—— gl o
Dlag.onal 8 - s=8TeV,20.3fb"' Electroweak searches § Almost all
dominated by = - — 7 - W5°277° [1403.5294) 2 Wino LSP
. : " S r 142 1= Ay 0 INO
Higgsino-like = -
- models with
LSP —poorly 409" g long-lived 7.*
excluded i = 7 g
Py s Lifetime largest
_ ° .
Simplified model S when Bino
= e
assumes x0is & and Higgsinos
pure Wino, butin are heavy
our models mostly ol ! .
Higgsino with 0 200 49/ 600 800 1000
lower cross section (”0) [GeV]
and thus worse m(x,%)<100 GeV is all Bino LSP

exclusion as light charginos are excluded by LEP
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Can also compare
strength of different
analysis for these
PMSSM models

Absolute fractions
very dependent on
pMSSM scan range,
but gives idea of
reiative sensitivity

Split by LSP type
(dominant y.°
component)

B. Petersen

Analysis All LSPs | Bino-like | Wino-like | Higgsino-like
0-lepton + 2-6 jets + Fpiss 32.1% 35.8% 29.7% 33.5% [
O-lepton + 7-10 jets + Er'f?igs 7.8% 5.5% 7.6% 8.0%
0/1-lepton + 3b-jets + Emis |  8.8% 5.4% 7.1% 10.1%
1-lepton + jets + Episs 8.0% 5.4% 7.5% 8.4%
Monojet 9.9% 16.7% 9.1% 10.1%
SS/3-leptons + jets + EMiss 2.4% 1.6% 2.4% 2.5%
7(1/0) + jets + ERiss 3.0% 1.3% 2.9% 3.1%
0-lepton stop 9.4% 7.8% 8.2% 10.2%
1-lepton stop 6.2% 2.9% 5.4% 6.8%
2b-jets + Efrniss 3.1% 3.3% 2.3% 3.6%
2-leptons stop 0.8% 1.1% 0.8% 0.7%
Monojet stop 3.5% 11.3% 2.8% 3.6%
Stop with Z boson 0.4% 1.0% 0.4% 0.5%
tb-i—Er}"iss, stop 4.2% 1.9% 3.1% 5.0%
’h, electroweak 0 0 0 0
2-leptons, electroweak 1.3% 2.2% 0.7% 1.6%
2-7, electroweak 0.2% 0.3% 0.2% 0.2%
3-leptons, electroweak 0.8% 3.8% 1.1% 0.6%
4-leptons 0.5% 1.1% 0.6% 0.5%
Disappearing Track 11.4% 0.4% I 29.9% 0.1%
Long-lived particle 0.1% 0.1% 0.0% 0.1%
H/A— 71~ 1.8% 2.2% 0.9% 2.4%
Total 10.9% 40.2% 45.4% 38.1%
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ATLAS \s=8TeV, 203"
< 2000
() e—
0] I
L 1500
1000
500
0 =0 F F T =t ~J_r_ 0
PE I T Y SR

Sparticle

122



Other searches



WaL=1 = 5

RPV allows for new terms in the superpotential
and thus allows for new interactions

Proton decay prevents violation of L and B, but
allows violation of L or B

RPV leads to new collider search strategies
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Fraction of events / 40 GeV

i d .
- i /!
312 ~_ 7'323
t 7 d t i
312 323
S
_I I I I I I | I'I L] I'I LI I rrrrrrrioria | LI I_
- ATLAS Simulation [ m, = 250 GeV g
05C Vs=13TeV [CJm =500 GevV ]
r @ m; =750 GeV i
- _[ [Im,=1000 GeV -
04— [Jm,=1250 GeV _|
r Cm,=1500 GeV
0.3F -
0.21- .
0.1 .
0

Mayg [GeV]
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Fraction of events
o
-—

© ©
-
N A

o
—

raction of events

F
o
(=]
o

0.06
0.04

0.02

LI | | [
TLAS
Vs =13 TeV, 36.7 fb™

® Data
—m= 500 GeV
—m, = 1500 GeV

012 ATLAS
. Vs=13TeV, 36.7 fb"

0.06

|II‘|IIII|III|III|I

® Data
—m; =500 GeV
—m, = 1500 GeV

lllllIlll.lllllllllll]lllll

2 0.04
d 0.02}
: : 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 || 1 1 1
0 02 04 06 08 1 0 02 04 06 08
A= |mem,|/(mgm,) | cos(®)|
o 0 T l T 1
c [ ATLAS i
3 | (s=13Tev,367f" ®Dat -
5 0.8F M =250GeV
-S @ —m; = 500 GeV J
S 0.6 =
2 0Oy ]
0.4 B __
02 y
: . ]
i s | " —
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Number of b-tagged jets

—
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0.05 0.15 0.7

Np = NA XNg/Nc

Assumptions:

" Variables not correlated

Events / 25 GeV

Data / SM

ATLAS  b-tagged Validation Region

10° = {s=13TeV, 36.7 fo" Tiztel 5K _
N SM Stat. uncertainty
10* e Data
Multijet (DD)

103 —F ultijet (

10° _

10 Region E

1

107'E

1.5E=

0.5t

500 1000 1500
M,y [GeV]

= No signal contribution in regions different other than D
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Events / 25 GeV

Data / SM

ATLAS
10°E
Vs=13 TeV, 36.7 fb™

10*

10°
10?
10
1
10~

'b-tagged Signal Region

N\ SM Stat. uncertainty
e Data
Multijet (DD)
 t
R — t — bg (mr 300 GeV
= t —bg (mF 500 GeV)
=T, b5 (m. = 800 GeV

i

05 H e
500 1000 1500
Mg [GeV]

pp—)ht'i:;'t-—) bq
T

107"

T R

-~ stop pair prod. cross section (Vs = 8TeV) -
== observed limit, ATLAS 8 TeV
|

o) \ ! | ' | ' | ! I ! [ -
= ATLAS b-tagged Signal Region -
o Vs =13 TeV. 36.7 fb” 55 stop pair prod. cross section —
é 10° T = observed 95% CL limit

= expected 95% CL limit
[ expected + 1o
expected + 26

| | ) | ] | h‘-\_'!-_

| II|IIII| | IIIIIITl | IIIITII|

100 200 300

400

500 600 700

800

m= [GeV]
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_ 1
P =T = o [ Manx - (D
mx
There are many ways SUSY particles could be long lived

= Decay through heavy virtual particles
= Small decay phase space (ex: small Am between NLSP and LSP)

= Small couplings (ex: decay to gravitino or small RPV coupling)

Experimentally very diverse

— depends on particle's properties: life-time, charge, decay

= Decay within detector
= Life-time < O(10 ns) highly displaced vertices, kinked tracks, disappearing trackso

= Qutside detector
“ Undetectable if neutral
= Highly ionizing (dE/dx)slow (time-of-flight)

Mean decay length = yct
V = Lorentz boost
c = speed of light

= Decay out-of-time (wrt collision) ot
T = mean life-time
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Dls'appearlng or
klnked tracks

i 0
. *

Multitrack vertices in
the muon spectrometer




Anomalous ionisation

dE 22 32
ey e B .
<d.r> i [“((1—,32)) T ]

A charged LLP that is slow-
moving (B<1) or has charge
greater than 1 can

be identified via anomalously
large using for instance pixel
detectors

Displaced objects

- Tracks

- Vertices

- Calorimeter deposits

— Need dedicated reconstruction
algorithms

LLP can be stopped in the

detector and decays long
afterwards (t>10ns)
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Anomalous ionisation

dE 22 52
=L i ) =0
<d> 52 l“((l—ﬁ?)) B ]

A charged LLP that is slow-
moving (B<1) or has charge
greater than 1 can

be identified via anomalously
large using for instance pixel
detectors

Displaced objects

- Tracks

- Vertices

- Calorimeter deposits

— Need dedicated reconstruction
algorithms

LLP can be stopped in the

detector and decays long
afterwards (t>10ns)
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Long-Lived Particles (LLP)

Disappearing tracks

ALAS Si Iation préliminary
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Split SUSY (unnatural model): very heavy scalars but the Higgs weak scale mass
gauginos and in particular the gluinos:

- mg \4[1TeV ’ g
1~ (—) ( ) x 107 ns
103 TeV mg

" mg>103GeV: the gluino is long lived and hadronize into a color-singlet state known
as R-hadron (94, qq g, qqqg) before decaying

" mg>10°%GeV: it travels macroscopic distances before decaying

" mg>107GeV: it typically decays outside the detector or is stopped in the detector
material

" mg>10"3GeV: it is effectively stable, since it has a lifetime longer than the age of
the universe

R-hadrons that decay inside the detector can be detected via displaced or delayed
decays, as well as disappearing tracks
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Stopped gluinos generally can give rise to a detector signal that occurs after the
triggering and readout time windows associated with the collision that produced the
LLP— search for them in gaps in the proton bunch train

Q.
1 PS batch 1 SPS batch &
(72 bunches) (288 bunches) I
0
l_‘_\ I_l_\ =
26.7 km 2800 bunches
€ >

3564 possible slots for protons but only a fraction is filled

135



Signature: High energetic jets in absence of collisions

Background: calorimeter noise, cosmics and beam halo
Sensitivity: Massive particles with lifetimes 10 pus - 1000 s

No excess observed

2015 + 2016: 38.6 fb' (13 TeV
1400 e ( )

@ . CMS ® £
O, 1200 F — Observed & &

Tz - ---- Median expected A 1
£ 1000 HEEEE 68% expected & -
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Lower limit (95% CL) on mj; [GeV]
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2500

2000

1500

1000

200

CMS Preliminary

13-39fh ! (13 TeV)

7 — qqx" (BR=100%)
(R-hadron cloud model)

««® - Expected

—@— Observed

o Ted T Tl

Status: February 2018

Jets + piiss arXiv:1802.02110

m, 0o = 100 GeV, charge suppressed

Jets + piiss arXiv:1802.02110

mz — m, 0 = 100 GeV, charge suppressed

Stopped gluino, arXiv:1801.00359

Mg — mxo > 160 GeV, f‘gvg = .1 ]

HSCP, CMS-PAS-EXO-16-036 ¢

fgg =B.1 :

oc,

. @

'% _ i %-

= | L. Eio| l l | | | | 2]
W% 10—* 19 i 1w* 10f 1wt W 1 w* 1M

& i ct [m]
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137



Assuming R-parity conservation, show that
1. SUSY particles must be produced in pairs

2. One SUSY particle (except the LSP) must always contains exactly
one SUSY particle in its Decay products

3. The LSP is stable
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