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Searches for SUSY have been performed at the CERN SppS, LEP, and the Tevatron...

The New York Times, January 5, 1993

315 'Physicists Report Failure In Search for
Supersymmetry

By MALCOLM W. BROWNE

Three hundred and fifteen physicists worked on the experiment.

Their apparatus included the Tevatron, the world's most powerful particle accelerator, as well as a $6!
million detector weighing as much as a warship, an advanced new computing system and a host of

other innovative gadgets.

But despite this arsenal of brains and technological brawn assembled at the Fermilab accelerator
laboratory, the participants have failed to find their quarry, a disagreeable reminder that as science

gets harder, even Herculean efforts do not guarantee success.

In trying to ferret out ever deeper layers of nature's secrets, scientists are being forced to accept a
markedly slower pace of discovery in many fields of research, and the consequent rising cost of
experiments has prompted public and political criticism.

...ouch. .



A few questions...

What is SUSY?

Why is SUSY such a prominent theoretical framework for new
physics?

How do you search for SUSY?

How are the results of SUSY searches interpreted?
Why are SUSY searches so complex and difficult?
How do we predict the SM backgrounds?

What have we learned so far?

If you saw a signal, would you believe it?

If you saw a signal, would you know that it is SUSY?
Is SUSY...dead?



Profound questions at the TeV scale

Hierarchy problem

Unification of coup

INgs

Dark matter

~1018 GeV

- A
Planck scale |

(quantum gravity )
~1016!

Separation of scales
can be stabilized by

SUSY, extra dimis,...

~102-103 GeVy

Electroweak scale
(unstable in SM)

8

l/oci

w..

50

40

30

20

10

e
\\

JSY)

MSSM

S. Raby, Particle Data Book.
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Dark
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26.8%

Dark

energy:
68.3%

WIMP Miracle — TeV scale

SUSY provides dark
matter candidate particle
(Lightest Supersymmetric
Particle); in MSSM this is
neutralino.



Discovery of the positron...and of a symmetry

e 1928: Dirac equation.

o Struggle to interpret negative
energy solution in the
context of a single-particle
wave equation.

e 1932: Positron interpretation
confirmed by C.D. Anderson’s
observation of the positron in
cosmic-ray events.

 Symmetry - doubled the
particle spectrum!

aﬁc_l: qa:_qc_z ma:mc_l 1,=1

P.A.M. Dirac, Proc. Roy. Soc. (London), A117, 610 (1928); ibid., A118, 351 (1928).
C.D. Anderson, Phys. Rev. 43, 491 (1933).



Discovery of the positron...and of a symmetry

Author lists were shorter back in 1933...

MARCH 15, 1933

PHYSICAL REVIEW

VOLUME 43

The Positive Electron

CARL D. ANDERSON, California Institute of Technology, Pasadena, California
(Received February 28, 1933)

Out of a group of 1300 photographs of cosmic-ray tracks
in a vertical Wilson chamber 15 tracks were of positive
particles which could not have a mass as great as that of
the proton. From an examination of the energy-loss and
ionization produced it is concluded that the charge is less
than twice, and is probably exactly equal to, that of the
proton. If these particles carry unit positive charge the

curvatures and ionizations produced require the mass to be
less than twenty times the electron mass. These particles
will be called positrons. Because they occur i groups

associated with other tracks it is concluded that they must
be secondary particles ejected from atomic nuclei.
Editor

N August 2, 1932, during the course of

photographing cosmic-ray tracks produced
in a vertical Wilson chamber (magnetic field of
15,000 gauss) designed in the summer of 1930
by Professor R. A. Millikan and the writer, the
tracks shown in Fig. 1 were obtained, which
seemed to be interpretable only on the basis of
the existence in this case of a particle carrying a

electrons happened to produce two tracks so
placed as to give the impression of a single
particle shooting through the lead plate. This
assumption was dismissed on a probability basis,
since a sharp track of this order of curvature
under the experimental conditions prevailing
occurred in the chamber only once in some 500
exposures, and since there was practically no
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Supersymmetry basics

* The symmetry operation in SUSY is a mapping between fermionic
and bosonic degrees of freedom.

- “For every SM particle, there is a SUSY particle.” (Well, sort of.)

- Must be a broken symmetry: we don’t observe SUSY partners
with SM mass values. SUSY breaking - phenomenology

- SUSY preserves the SM couplings (charges) of particles.

e R-parity: multiplicative quantum number that is conserved in
many, but not all SUSY scenarios.
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Supersymmetry basics
“Curse of many parameters”: MSSM has 124 (including SM).
If R-parity is conserved, SUSY particles must be produced in pairs.

The decay chain of each SUSY particle ends with the lightest SUSY
partner (LSP), which is stable.

If the LSP is only weakly interacting, it is a dark matter candidate.

16




SUSY partners of SM fermions

SM fermions are mapped to spin-0 particles
— proliferation of scalar (J=0) particles: squarks & sleptons

The SM is a chiral theory, and the L-handed and R-handed
fermions have different EW charges.

- L-handed fermions transform as SU(2). doublets
- R-handed fermions transform as SU(2). singlets

Each chiral projection of an SM fermion has a J = 0 SUSY partner,
preserving degrees of freedom.

/| eL « eL /l Expect mixing:
e_ \‘ t \I El? i:2
- ~— < (mass eigenstates)
e, € C, t. 1,



SUSY partners: electroweak gauge and higgs bosons

EWK Gauge/Higgs sector of MSSM [ EWK Gaugino/Higgino basis | EWK Chargino/Neutralino basis

Degrees of Degrees of Degrees of
freedom freedom freedom

W 1 ' 1/2 2 Mixing Zl 2
w- 1 3 W‘ 1/2 2 ' 1/2 2
7 1 3 Z|W° 12 2 é I 1/2 2
14 1 2 Y|B 12 2 %2 1/2 2
H 0 1 H 1/2 2 7 1/2 2
h 0 1 h 1/2 2 %2 1/2 2
H* 0 1 H* 1)2 2 X 1/2 2
H o0 1 H 12 2 70 1/2 2
A 0 1 Total 16 Total 16
Total 16

If lightest neutralino is LSP, then
can be dark matter candidate.

Generic term for all of the above ||Strong interactions:
“Electroweakinos” (EWKinos) g(J=1,M=0) & g (J=3) 18




—  Example: a particle spectrum in the MSSM

higgs sleptons EWKinos Strong
= ~
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|” CMS PAS SUS-14-012

A “big, fancy, complicated mode




The gauge hierarchy problem and “natural” SUSY

Evidence is very strong that the new particle discovered at
m = 125 GeV is a/the Higgs boson, J’“ = 0** (scalar).

Assuming it is an elementary scalar particle, the Higgs mass is
subject to enormous shifts from quantum-loop corrections.

T
e
P

nese corrections can in principle pull the Higgs mass and the
ectroweak scale up to the cutoff scale of the SM, e.g., the

anck scale. If no new physics, requires extreme fine tuning

between bare Higgs mass and the quantum corrections.

Understanding the low mass and the stabilization of the
electroweak scale is one of the great challenges of particle
physics.

BUT, “fine tuning” is not a completely well-defined concept.
How much is too much?



SUSY can (in principle) address the hierarchy problem

C. Bust, A. Katz, S. Lawrence, and R. Sundrum, SUSY, the Third Generation and the LHC,
https://arxiv.org/abs/1110.6670 and references on naturalness listed earIiNer.

but there are two of these...
37
2 2 | t
|

m, =m (m” —m?)In A
h, — " 0 U 7
dr m.

SUSY particles at the TeV scale can “solve” the fine tuning problem. But current limits on
the top squark and gluino masses are putting this picture under stress.




“Natural SUSY endures’: still the current fashion
M. Papucci, J.T. Ruderman, and A. Weiler http://arxiv.org/abs/1110.6926

Stabilizing the EW scale in a “natural” way (without excessive fine tuning) involves
only a subset of the SUSY spectrum. Which SUSY partners are constrained?

Focus of SUSY searches i _Lié

: B T T

: ~ Q12,u12,d1 2

: W sssssssssI:s

Expected mass upper ' ..... S
bound (rough): : R

| natural SUSY | | decoupled SUSY

22
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“Natural SUSY endures”: still the current fashion

M. Papucci, J.T. Ruderman, and A. Weiler http://arxiv.org/abs/1110.6926

Stabilizing the EW scale in a “natural” way (without excessive fine tuning) involves
only a subset of the SUSY spectrum. Which SUSY partners are constrained?

Focus of SUSY searches

The natural SUSY
spectrum is well-
suited to

a treatment in
the simplified-
model
framework.

| natural SUSY |

Lg (:l
B T o
- Qi2,u12,d1 2
W soIzIIIIizi:
br

In natural model
scenarios,
typically assume
that some or all
these particles
are very heavy.

While natural
SUSY models are
a key focus, we
do not restrict
ourselves to
them.

| decoupled SUSY

23




SUSY, gauge couplings, and colored-particle production

SUSY does not change the gauge couplings or gauge representations

? ]

Gluino pair production —7

=1

Gluino decay and % vy g
squark pair production | | ¢ ;;1.), | i
] —>
P b
'3—laoc]|1 js* ) 1 b

Your physics intuition from the SM
mostly works,but have to be careful .
about spin effects! J(g)=0 T

“f (f) 24




SUSY production cross sections
LPCC SUSY Cross Section WG
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SUSY Production Cross Sections
LPCC SUSY Cross Section WG
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SUSY event rate example: gluino production

LHC instantaneous luminosity
L=15%10" cm™s™
1fb=10%x10%*cm?=103 cm?
L=15x107 fb7's”'
1yr=mx10’s (less for an operational year)

Gluino pair production at m(g)=2 TeV: o(gg)=2 tb
=~ (1 S X 10 fb™ _1) X (2 fb))( (107 s)= 300 ..produced!

evts

Total pp cross section: O (pp) = 77y, = (107" cm)” = 30 mb

~(1.5%10™ b 's")x (30 x10" fb)x 10" s=5x%x10"

thS

27



Interpreting searches with simplified models

Strong production of gluinos  Strong production of squarks .= Electroweak production

Avoids the SUSY “curse of many parameters”: in each case, the number of mass parameters ié)just 2-3.




Interpreting searches with simplified models

Strong production of gluinos  Strong production of squarks A Electroweak Production

=l Sicnature: Large pr™s, high jet multiplicity, leptons, b-jets



How to read a simplified model exclusion plot

CMS 35.9fb' (13 TeV)

% 1800[ pp —gg.g —>ttX, NLO+NLL exclusion 1 2
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The neutralino produces missing transverse momentum (pt™** in the event).
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How to read a simplified model exclusion plot

CMS 35.9fb" (13 TeV)
> 1800| pp—§§,§—t 17 NLO+NLL exclusion . g
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Challenges of SUSY searches at the LHC (I)

1. The SUSY parameter space is enormous. MSSM: 124 parameters.
- Many scenarios, with diverse mass spectra and kinematics

- Complicates analysis design & interpretation

2. Experimental signatures are usually “weak” (no mass peaks) and

involve studies of the extreme tails of SM distributions, such as
pt™ss (formerly known as MET).

3. Cross sections are small relative to those of the SM backgrounds.

“split SUSY” spectrum | | difficult top squark decay scenarios | | degenerate Higgsinos in natural SUSY

~ l very heavx ~ I
! | S— e e
§—dqq [t 7 bWy A

~* ~0 - : : e Low electroweak prod. cross section

g 4 ax f >y e Very soft decay products & low py™s

Z Z] ——————— A HOly Grail search 33
1 |




Challenges of SUSY searches at the LHC (ll)

4. Monte Carlo simulations for SM backgrounds are amazingly good
but cannot in general be trusted to correctly model extreme tails
of kinematic distributions.

5. Need to determine uncertainties on background estimates.
6. Detector problems - fake pi™'s, fake leptons, fake b-jets,...

7. SM backgrounds can produce events with large, genuine py™'*

Jet mis-measurement can Neutrinos from Z — vv ttbar and W+jet events

produce fake pt™*s, so QCD + additional jets from ISR have pt™*s from neutrinos
multijets events can be
important background.

e
I ¢ | Run/Event: 1391

= 162.9 GeVic, n = -0.06, @ = 1.
B ‘ 1
e Jet py; = 69.9 GeVic,
- RS-~ N =125 - 102
ap, 2E/T S
. s 1w £ —
s % Jet p, = 34.
F ake pTI Nniss g (e Qﬁm i,
Ny T
Pt ¥ i ,/' 4
- A 3 ',
s ¥ = o i le,
~ o L% ey
- % 4 oy
, 7 \
/N » I O
+ 1
- 1
Electron E, = 436 GeV, S )
1029, ¢ =177 i

[
, Black: meas. pr " 34



Mapping the standard model: the foundation of searches
May2:01:7: _ CMS Preliminarv

- O 7 TeV CMS measurement (L <5.0 fb™)
= W A @ 8 TeV CMS measurement (L <19.6 fb™)
T m 13 TeV CMS measurement (L < 35.9 fb™)
Theory prediction
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Fiducial W, Z and H os with W—lv, Z-lI, H—>\_(y and kinematic selection

All results at: http://cern.ch/go/pNj7
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Mapping the standard model: the foundation of searches

May2017 CMS Preliminary

o 7 TeV CMS measurement (L <5.0 fb™)

@ 8 TeV CMS measurement (L < 19.6 fb™)

O 13 TeV CMS measurement (L < 35.9 fb™)
Theory prediction
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All results at: http://cern.ch/go/pNj7

Foundations of a SUSY search: (1) understand your detector and (2) understand your backgrounds



The most SUSY-like SM background: ttbar

1. EVENT ENVIRONMENT

« Effects of pileup:
isolation, jets, MET,
vertices

* Underlying event.

P

2. PRODUCTION %‘

 pT distributions of t and tbar (affected
by parton distribution functions,
QCD renorm & factorization scales)

« Effect of initial-state radiation

« Spin correlations of t and tbar

3. DECAY CHAIN

* W polarization
 Final-state radiation
» Decay branching fractions




Challenges of SUSY searches at the LHC (lll)

8. If you didn’t trigger on it, it didn’t happen.”

e Early step of any analysis: do you have triggers for your signal?
Can you measure your trigger efficiency?

 Why it matters: the harsh reality of life at a hadron collider.
pp interaction rate (hundreds of MHz)
L1 trigger rate (100 kHZ)
HLT rate - recorded (1 kHZ)

 Tough, macho experimentalist’s attitude: “SUSY is mainly
useful to me because it provides a lot of ideas for signatures.
SUSY is a ‘signature generator’ to help me think of triggers for
signatures that might be useful.”



Quick look at three example SUSY searches

Dominant Background

backgrounds determination

All hadronic: Jets + pr™miss

A A A

Inclusive, heavily binned,

search targets broad range of | More inclusive: More inclusive: More inclusive:

strongly produced SUSY addresses wider wider range of search regions span

range of SUSY backgrounds to broader range -

1 lepton + (b)-Jets + pr™Miss scenarios. understand. more reliance on MC
for background

Targets strongly produced estimation.

natural SUSY with higher jet

multiplicity More specific: More specific: More specific:

_ better sensitivity | limited set of less dependence on

HH + pr™ss; H— bb to targeted process. backgrounds. MC for background
estimation.

Targets electroweak productio

of higginos in gauge-mediated v v
SUSY breaking models

More control samples - more ways to find problems that you didn’t even think of!




Jets + pt™ss search: candidate event

— —
CMS Experiment at LHC, CERN . ~ -
Data recorded: Sat May 14 14:35:27 2016 PDT pT pl
Run/Event: 273447 / 291867669 ‘
Lumi section: 179 \

i=particles

7 HRS — 671 GeV
Hy = 1607 GeV

SUSY candidate event in data with 12 jets,
3 b-tagged jets




Jets + pt™ss search: candidate event

CMS Experiment at LHC, CERN H%HSS — ].7].9 GeV

Data recorded: Mon Jun 13 17:51:08 2016 PDT

Run/Event: 275001 / 1431223147
Lumi section: 1026

Much lower jet multiplicity...can still be SUSY




Jets + pt™iss search: Many analysis regions

1. Require Njets> 2 (pr> 30 GeV) https://arxiv.org/abs/1704.07781

2. Bin the data in four variables: Njets, Np-jets, Hr, Hi™sS
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4(Niet bins) x 4(Np_jet bins) x 10(Hz, HF bins) = 160 independent search regions
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Jets + pt™ss search: commentary from a theorist
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This CMS search I'm trying to emulate has 160
search regions. Goddamnit CMS.
#ICHEP2016
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Our answer: you will find results for “aggregated search regions” (12 bins) in the paper!




