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The New York Times, January 5, 1993 

...ouch. 

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



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?	
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Profound questions at the TeV scale

S.	Raby,	Particle	Data	Book.	

~1016



Discovery of the positron…and of a symmetry
• 1928:	Dirac	equation.		

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

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

• Symmetry	→	doubled	the	
particle	spectrum!	

Pb: 6 mm 
thick 

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

•  Dirac&rela)vis)c&wave&
equa)on&(1928):&&extra,&
“nega)ve=energy”&
solu)ons.&

•  Positron&interpreta)on&
confirmed&by&C.D.&
Anderson&(cosmic&ray&
experiment)&at&Caltech.&

a→ a :     qa = −qa     ma = ma     τ a = τ a    (CPT )

Pb: 6 mm 
thick 

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

•  Dirac&rela)vis)c&wave&
equa)on&(1928):&&extra,&
“nega)ve=energy”&
solu)ons.&

•  Positron&interpreta)on&
confirmed&by&C.D.&
Anderson&(cosmic&ray&
experiment)&at&Caltech.&

a→ a :     qa = −qa     ma = ma     τ a = τ a    (CPT )



Discovery of the positron…and of a symmetry
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Author lists were shorter back in 1933... 
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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.	

• 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.
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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)L	doublets	

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

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

SUSY partners: electroweak gauge and higgs bosons
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         Example: a particle spectrum in the MSSM   
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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,	JPC	=	0++	(scalar).		

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

• These	corrections	can	in	principle	pull	the	Higgs	mass	and	the	
electroweak	scale	up	to	the	cutoff	scale	of	the	SM,	e.g.,	the	
Planck	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?		

20



SUSY can (in principle) address the hierarchy problem
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Introduction Chapter 1

H H

f

f
H H

ef

Figure 1.1: Left: correction to the Higgs propagator from a fermion loop. Right: hy-
pothetical correction to the Higgs propagator from the fermion’s scalar superpartner.
Theoretical particles introduced by supersymmetry are drawn with red lines.

then �m2
H can be thirty orders of magnitude larger than m2

H . Introducing new physics to

the standard model without significantly disturbing m2
H then requires either an unnatural

fine-tuning of parameters or some mechanism for cancelling the ⇤2
UV term.

One way to create such a cancellation is to introduce a new symmetry. More specifi-

cally, one can introduce an additional symmetry between fermions and bosons such that

for every fermionic degree of freedom in the standard model, there is a bosonic super-

partner, and vice versa. Called supersymmetry (SUSY), the theoretical foundations were

developed during the early 1970s in, for example, References [22, 23, 24, 25, 26, 27, 28, 29].

We observe that for a scalar ef , the correction to the mass of the Higgs boson from the

loop diagram on the right side of Figure 1.1 is

�m2
H = �

�ef

16⇡2⇤
2
UV + .... (1.7)

If �ef =
���f

��2, then this di↵ers from the fermion loop correction in Equation (1.6) by a

factor of exactly �1
2
. The addition of two new scalar particles for each fermion (one per

degree of freedom) in the standard model would therefore cancel the quadratic depen-

dence on ⇤UV. In the case where mef = mf , this cancellation of the quadratic term is

exact even for higher-order contributions to mH [30].

Of course, this abundance of new particles has not been observed. This can be

8

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.

but	there	are	two	of	these…
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2 = mhu ,0
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4π 2 (mt
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2 )ln Λ
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⎛
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⎞
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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	earlier.	
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2 + ... δmh
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16π 2 Λ
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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?

22

“Natural SUSY endures”: still the current fashion

m !H ≈ 200 GeV

m!t ≈ 400 GeV

m !g ≈ 2m!t

Expected	mass	upper		
bound	(rough):

Focus	of	SUSY	searches
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“Natural SUSY endures”: still the current fashion

The	natural	SUSY	
spectrum	is	well-
suited	to		
a	treatment	in	
the	simplified-	
model	
framework.		

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.	

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



SUSY, gauge couplings, and colored-particle production
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Karlsruhe 2 
Saturday, June 24, 2017 4:18 AM

   Karlsruhe talk Page 1    

Gluino	pair	production

Gluino	decay	and	
squark	pair	production

	SUSY	does	not	change	the	gauge	couplings	or	gauge	representations

Karlsruhe 2 
Saturday, June 24, 2017 4:18 AM

   Karlsruhe talk Page 1    

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



SUSY production cross sections
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LPCC SUSY Cross Section WG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1407.5066
SUSY sparticle mass [GeV]

0 1000 2000 3000

 S
U

SY
) [

pb
], 

N
LO

-N
LL

→
(p

p
σ

6−10

5−10

4−10

3−10

2−10

1−10

1

g~g~

L,R
u,d,s,cq=

*q~q~

)*b~b~(
*t~t~

wino
)0

2
χ∼±

1
χ∼(

higgsino
)jχ∼iχ∼(

wino
)-

1
χ∼+

1
χ∼(

L
-
l~L

+
l~

s = 14 TeV√

-1
Ev

en
ts 

in
 3

00
0 

fb

1

10

210

310

410

510

610
Strong	production

Electroweak		
production σ ( !g !g) ∼1 fb

[m( !g) = 2 TeV]

8	EWKinos:	
4	charginos	
4	neutralinos



LPCC SUSY Cross Section WG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1407.5066
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Strong	production

Electroweak		
production



SUSY event rate example: gluino production 
• LHC	instantaneous	luminosity	

• 1	fb	=	10-15	x	10-24	cm2	=	10-39	cm2	

• 1	yr	≈	π	x	107	s		(less	for	an	operational	year)	

• Gluino	pair	production	at	m(			)=2	TeV:		

• Total	pp	cross	section:

27

L ≈1.5 ×1034  cm−2s−1

Nevts ≈ (1.5 ×10
−5  fb−1s−1)× (2 fb)× (107  s) ≈ 300

L ≈1.5 ×10−5  fb−1s−1

σ ( !g !g) ≈ 2 fb

Nevts ≈ (1.5 ×10
−5  fb−1s−1)× (30 ×1012  fb)×107  s ≈ 5 ×1016

!g

σ (pp) ≈ πrproton
2 ≈ π (10−13  cm)2 ≈ 30 mb

…produced!
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How to read a simplified model exclusion plot      
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!g

100%

!χ1
0

!g→ tt !χ1
0

The	neutralino	produces	missing	transverse	momentum	(pTmiss	in	the	event).	



How to read a simplified model exclusion plot      
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Increasing	MET	→	increasing	efficiency

Decreasing	cross	section	(rapid	falloff)	
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How to read a simplified model exclusion plot      
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Step	1	-	compute	
upper	limit	on	the	
signal	cross	section	
for	each	point	in	
SUSY	model	space.	
	

Step	2	-	draw	boundary	
lines	for	excluded	SUSY	
masses	by	comparing	
excluded		
cross	sections	to	theory	
cross	sections.



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	
pTmiss	(formerly	known	as	MET).	

3. Cross	sections	are	small	relative	to	those	of	the	SM	backgrounds.	
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“split	SUSY”	spectrum difficult	top	squark	decay	scenarios degenerate	Higgsinos	in	natural	SUSY

!g→ !q*q  
        !q* → q !χ 0

!q

!g
!χ1
0

very	heavy

!χ1
0
!χ2
0

!χ1
±

• Low	electroweak	prod.	cross	section	
• Very	soft	decay	products	&	low	pTmiss
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!χ1
0

!t → t* !χ1
0 → bW *+ !χ1

0

!t → c !χ1
0

A	Holy	Grail	search



Challenges of SUSY searches at the LHC (II)
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	pTmiss,	fake	leptons,	fake	b-jets,…	

7. SM	backgrounds	can	produce	events	with	large,	genuine	pTmis

34

ttbar	and	W+jet	events	
have	pTmiss	from	neutrinos

Neutrinos	from																				
+	additional	jets	from	ISR

Jet	mis-measurement	can	
produce	fake	pTmiss,	so	QCD	
multijets	events	can	be	
important	background.

Z→νν

Fake pTmiss

Gray: true jet pT,		Black:	meas.	pT



Mapping the standard model: the foundation of searches
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Theory prediction

W + ≥ 5 jets
W + ≥ 4 jets

W + ≥ 3 jets
W + ≥ 2 jets

W + ≥1 jet

W

W + ≥ 6 jets

W + ≥ 7 jets

Z+ ≥1 jet
Z+ ≥ 2 jets

Z

Z+ ≥ 3 jets

Z+ ≥ 4 jets
Z+ ≥ 5 jets
Z+ ≥ 6 jets

Z+ ≥ 7 jets

WZ + 0 jets

ZZ + 0 jets

tt

H + 0 jets
H +1 jet
H + 2 jets

H + 3 jets

H+ ≥ 4 jets

ZZ +1 jet
ZZ + 2 jets
ZZ+ ≥ 3 jets

Z +1 c jet
Z +1 b jet
Z+ ≥ 2 b jets

WZ +1 jets

WZ + 2 jets

WZ+ ≥ 3 jets

tt +1 jet
tt + 2 jets

tt + 3 jets
tt + 4 jets
ttbb



Mapping the standard model: the foundation of searches
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Z+ ≥ 7 jets

WZ + 0 jets

ZZ + 0 jets

tt

H + 0 jets
H +1 jet
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SUSY	down	here	(≈10	fb)?

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



The most SUSY-like SM background: ttbar

t

t

b

b

W +

W −

 ℓ
+

 ℓ
−

 νℓ

 νℓ

p p

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

•  Underlying event. 

1. EVENT ENVIRONMENT 

•  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 

2. PRODUCTION 

•  W polarization 
•  Final-state radiation 
•  Decay branching fractions 

3. DECAY CHAIN 



Challenges of SUSY searches at the LHC (III)

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

• 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.”
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Quick look at three example SUSY searches
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Signature Scenarios Dominant 
backgrounds

Background 
determination

All hadronic:  Jets + pTmiss 

Inclusive, heavily binned, 
search targets broad range of 
strongly produced SUSY

1 lepton + (b)-Jets + pTmiss 

Targets strongly produced 
natural SUSY with higher jet 
multiplicity

HH + pTmiss; H→ bb 

Targets electroweak production 
of higginos in gauge-mediated 
SUSY breaking models

More	inclusive:	
addresses	wider	
range	of	SUSY	
scenarios.

More	specific:	
better	sensitivity		
to	targeted	process.

More	inclusive:	
wider	range	of		
backgrounds	to		
understand.

More	specific:	
limited	set	of		
backgrounds.

More	inclusive:	
search	regions	span	
broader	range	→		
more	reliance	on	MC	
for	background	
estimation.

More	specific:	
less	dependence	on	
MC	for	background	
estimation.

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



Jets + pTmiss search: candidate event
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SUSY candidate event in data with 12 jets, 
3 b-tagged jets

Hmiss
T = 671 GeV

HT = 1607 GeV

!pT
miss =  − !pi

i=particles
∑

HT =
!pT
j

j= jets
∑



Jets + pTmiss search: candidate event
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Hmiss
T = 1719 GeV

Much	lower	jet	multiplicity…can	still	be	SUSY



Jets + pTmiss search: Many analysis regions
1. Require	Njets	≥	2	(pT	>	30	GeV)		
2. Bin	the	data	in	four	variables:	Njets	,	Nb-jets	,	HT,		HTmiss	
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T bins) = 160 independent search regions

https://arxiv.org/abs/1704.07781



Jets + pTmiss search: commentary from a theorist

Our	answer:	you	will	find	results	for	“aggregated	search	regions”	(12	bins)	in	the	paper!	


