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Quantum field theory can be formulated in terms of a least action principle

L =

In classical theories, this is the full story, experiments can directly measure the

parameters in this “master equation.”

But in “quantum” theories, something more interesting happens. When you

write this down the master equation, the physical, experimentally observable, prop-

erties of the particles are not exactly what you wrote down. They are modified by

the rest of the content of the theory.

So in order to make predictions, we always need some input from experiment.
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• Naturalness and 3rd Generation SUSY 

• Stop Pair Production Topologies 

• 8 TeV Stop Search Results 

• 1-lepton BDT and 0-lepton razor combination 

• Monojet (stop to charm + LSP)  

• New all-hadronic BDT stop search 

• 13 TeV Outlook and Commissioning
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twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsSUS Outline

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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• Due to the standard model Yukawa couplings, the lightest 
Higgs boson mass is  

• corrected at 1 loop-level by contribution from stops 

• corrected at 2 loop-level by contribution from gluinos 

• Naturalness = all contributions are of the same order as the 
physical Higgs mass (no fine-tuning) 

• “Acceptable” fine-tuning implies 
stops lighter than ~700 GeV 
gluinos lighter than ~1.5 TeV1 

• Possible spectrum:

Naturalness and 3rd Gen. SUSY

~ g

~ t

~ b
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t ➝ bχ± 
~~

t ➝ tχ0 
~~

b ➝ tχ± 
~~

b ➝ bχ0 
~~

g ➝ tbχ± 
~~

χ± ➝ W*χ0 
~~

g ➝ bbχ0 
~~ _

g ➝ tt χ0 ~~ _
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1. arXiv:1110.6926 [hep-ph]; see also 
arXiv:1407.6966 [hep-ph]
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SUS-13-011 EPJC 73 (2013) 2677* (one-lepton mva) 
SUS-13-004 PRD 91, 052018 (2015)* (inclusive razor) 
SUS-13-023 (new! all-hadronic) 
SUS-14-001 JHEP 06 (2015) 116* (multijet+dijet+monojet) 
SUS-13-024 PLB 736 371 (2014) (H/Z tagged) 
…

• Simplified models target specific 
experimental signatures 
(“bottom-up” approach)

stop pair 
production

P1

P2

t̃

t̃

t

χ̃0
1

χ̃0
1

t

P1

P2

t̃

t̃
χ̃±

t

χ̃0
1

χ̃0
1

W ∗

b

P1

P2

t̃

t̃

χ̃±

χ̃±

b

W ∗

χ̃0
1

χ̃0
1

W ∗

b

P1

P2

t̃

t̃

c

χ̃0
1

χ̃0
1

c

cascade decay involving 
electroweakinos*

including mixed 
branching ratios*

loop-induced decay to 
charm + LSP*

direct decay to  
top + LSP*

P1

P2

t̃2

t̃2

t̃1

t̃1

Z

t

χ̃0
1

χ̃0
1

t

Z

P1

P2

t̃2

t̃2

t̃1

t̃1

H

t

χ̃0
1

χ̃0
1

t

H

cascade decay involving two light stops

*discussed in this talk4

Stop Pair Production Topologies
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1-Lepton BDT

BDT output
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SUS-13-011 
EPJC 73 (2013) 2677

• After tight single lepton selection, optimize different multivariate 
boosted decision trees (BDTs) for different regions of phase space 
based on signal-sensitive observables
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0-Lepton Razor

6

SUS-13-004  
PRD 91, 052018 (2015)
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The Razor 2D likelihood is an analytic function in the Razor kinematic variables

MR and R2
. The full likelihood for the background-only hypothesis can be written,

Lb =
exp[�

P
j2SM

Nj]

N !

NY

i=1

 
X

j2SM

NjPj(MR(i), R
2
(i))

!

and the signal+background hypothesis can be written
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exp[�Ns �
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Nj]
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NY
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2
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X
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i )

!

In each box, for each background, the probability density may be approximated

by the 2D Razor Function

Fj(MR, R
2
) = [kj(MR �M0

R,j)(R
2 �R2

0,j)� 1]

⇥ exp[�kj(MR �M0
R,j)(R
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0,j)]

The Razor variables are computed in the R-frame defined by the condition on

the momenta of the jets in a dijet topology

|~pj1| = |~pj2|

MR =

q
(|~p j1|+ |~p j2

)

2 � (pj1z + pj2z )
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It can be approximated in a binned way, taking into account the predicted error

on the background prediction

Ls+b =

Y

bin i

Z
Poisson(ni|si,¯bi)⇥ LogNormal(

¯bi|bi, �bi)dbi

In a Bayesian approach

B01(N) =

Poisson(N |0 + b)R1
0 Poisson(N |s+ b)⇡(s)ds
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2 SUSY and naturalness
The four-dimensional N = 1 SUSY algebra is

{Q↵, Q̄�̇} = 2�m
↵�̇
Pm

{Q↵, Q�} = {Q̄↵̇, Q̄�̇} = 0

[Pm, Q↵] = [Pm, Q̄↵̇] = 0 (6)

3 Superspace
The super-Poincaré has a natural realization as transformations of an extentsion of four-dimensional

Minkowski space,

�xm = am + i(✓�m⇠̄ � ⇠�m✓̄)

�✓↵ = ⇠↵

�✓̄↵̇ = ⇠̄↵̇ (7)

4 MSSM Langragian
SU(3)C SU(2)L U(1)Y

Q 3 2 1/6
U c 3̄ 1 �2/3
Dc 3̄ 1 1/3
L 1 2 �1/2
Ec 1 1 1
Hu 1 2 1/2
Hd 1 2 �1/2

4.1 MSSM Superpotential
W

RPC

= �yuHuQU c + ydHdQDc + yeHdLE
c + µHuHd (8)

W
RPV

=
1

2
�ijkLiLjE

c
k + �0ijkLiQjD

c
k + µ0iHuLI +

1

2
�00ijkU c

i D
c
jD

c
k (9)

4.2 R-parity
PR = (�1)3(B�L)+2s

(10)

5 Razor Variables
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• Razor variables computed from “megajets” (forcing dijet 
topology) 

• Events are sorted into  
“boxes” based on  
number of leptons, jets,  
and b-jets
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The original theoretical razor function used in the 2011 analyses is

f

th

(x, y) = (b(x� x0)(y � y0)� 1)e�b(x�x0)(y�y0)

In practice, this was implemented numerically as

f

num

(x, y) =

⇢
1.7⇥ 10�308

if b(x� x0)(y � y0) > 700
|b(x� x0)(y � y0)� 1|e�b(x�x0)(y�y0)

otherwise

This was revised in 2012 to relax the stringent assumption on the two-dimensional

shape to include

g

th

(x, y) = (b[(x� x0)(y � y0)]
1/n � n)e�b[(x�x0)(y�y0)]1/n

I propose to implement this as

g

num

(x, y) =

⇢
1.7⇥ 10�308

if b(x� x0)(y � y0) > 700

|b |(x� x0)(y � y0)|1/n � n|e�b |(x�x0)(y�y0)|1/n
otherwise

We are considering modifying this to be

f

Razor

(x, y) / (b[(x� x0)(y � y0)]
1/n � 1) Exp

�
� bn[(x� x0)(y � y0)]

1/n
 

Last year we had

f

Razor

(x, y) / (b(x� x0)(y � y0)� 1) Exp

�
� b(x� x0)(y � y0)

 

Razor Backgrounds

• 2d analytic shape is fit in a background-
enriched sideband and extrapolated 

• Agreement is quantified between prediction 
and data as a two-sided p-value, expressed as 
a number of standard deviations for a gaussian

7

SUS-13-004  
PRD 91, 052018 (2015)
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0-Lepton + 1-Lepton Combination
• Combining 1-lepton BDT and 0-lepton razor yielded 

the strongest CMS limit on the stop mass

8

0-lepton razor 
dominates at  
high mstop

1-lepton BDT 
dominates at 
low mstop

best limit on 
stop mass = 

750 GeV
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0-Lepton + 1-Lepton Combination
• Generic branching-ratio independent limit was also derived 

considering most conservative limit after scanning over 
branching ratios: x = BR(t→tχ0), 1-x = BR(t→bχ±)

9
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Monojet Stop Search
• Monojet search covers compressed region,  

where stop to charm + LSP decay is favored
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All-hadronic BDT: Top Reconstruction
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SUS-13-023

Cambridge-Aachen  
ΔR=1  

“fat jets”

R between partons∆Minimum 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Ar
bi

tra
ry

 u
ni

ts
 / 

0.
05

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

) = 150
1
0χ
∼

) = 400, M(t~M(
) = 300

1
0χ
∼

) = 500, M(t~M(
) = 50

1
0χ
∼

) = 600, M(t~M(
) = 25

1
0χ
∼

) = 750, M(t~M(

CMS
Simulation Unpublished

ΔR between patrons 
differs based on  
 top quark boost

All-hadronic BDT: Top Reconstruction

• Dedicated high efficiency top pair 
reconstruction 

• Input “fat jets”  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SUS-13-023

Cambridge-Aachen  
ΔR=1  

“fat jets”
“picky jets”
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All-hadronic BDT: Top Reconstruction
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• Top pair kinematics are used to discriminate signal from 
background

15

SUS-13-023
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All-hadronic BDT: Top Pair Kinematics

tops from signal 
are collimated

tops from signal are not 
angularly correlated with MET
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All-hadronic BDT Results
• 4 BDTs (optimized for different stop mass) are trained with 24 

input variables, including MET, “top candidate” MVA values, etc. 

• MC mis-modeling is corrected using data-driven scale factors: 
lepton id., b-tagging, jet momentum, and MET

16

SUS-13-023

New best limit 
on stop mass = 

775 GeV
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Outlook for 13 TeV

17

• 5σ discovery reach in stop mass will reach 800 GeV 
in a conservative scenario  

• Crucial region for testing naturalness and whether 
SUSY has a role in Electroweak symmetry breaking

• naturalness prefers mstop 
lighter than 700 GeV 

• mH = 126 GeV prefers mstop 
heavier than 300 GeV1

1. arXiv:1110.6926 [hep-ph]; see also 
arXiv:1407.6966 [hep-ph]
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13 TeV Commissioning

18

• Good agreement in dilepton MR distribution (DY and tt 
dominated) in early 13 TeV data  

• Improving our understanding of QCD MET and R2  tails in  
0 b-tag control sample 

SUS-15-001

R2 distribution in 0 b-tag sample MR distribution in dilepton sample

-
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tt single lepton control regionW single lepton control region

13 TeV Commissioning

19

• MR and R2 sideband fit procedure has been 
commissioned in tt and W single lepton control 
regions 

SUS-15-001

-

-
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Summary
• The CMS SUSY search program at 8 TeV has produced 

stringent limits on many “natural” SUSY scenarios 

• Up to 775 GeV limit on stop mass (decay to tops) 

• Compressed region (stop to charm + LSP) covered by 
monojet search 

• Commissioning of triggers, kinematic variables, and methods 
underway with early 13 TeV data  

• Stay tuned in 2015-2016: we will probe interesting regions in 
natural SUSY phase space at 5σ discovery level 

twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsSUS 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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Backup
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All-hadronic BDT Results
• Four different BDTs (optimized for different stop mass phase space) 

are trained with 24 input variables, including MET, mT(b-tag, MET), jet 
multiplicity, CORRAL top candidate MVA value, and others 

• MC are corrected using data-driven scale factors for mis-modeling of 
lepton id efficiency, b-tagging efficiency, jet momentum, and MET
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SUS-13-023

Systematics source Magnitude (%)

b-tagging 5% - 10%

JES 5% - 20%

JER < 5%

ISR 1%-20%

PDF 1%-15%

Luminosity 2.6%

corral FastSim (T2tt) 1%-20%

corral dependence on PS (T2tt) 5%

corral reconstruction (T2tt) 5%

Search Region Name M(et)[GeV] M(e�0
1)[GeV] x Cut Signal e�ciency

T2bW LX 550 & 575 175 & 200 0.25 0.94 25%
T2bW LM 350 & 375 75 & 100 0.75 0.73 10%

T2bW MXHM 550 & 575 125 & 150 0.50 0.92 14%
T2bW HXHM 400 & 425 25 & 50 0.75 0.82 10%
T2bW VHM 550 & 575 25 & 50 0.75 0.93 12%

T2tt LM 300 25 - 0.79 8%
T2tt MM 425 75 - 0.83 16%
T2tt HM 550 25 - 0.92 25%
T2tt VHM 675 250 - 0.95 19%
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and relative sizes

Best limit on stop mass  
775 GeV
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Monojet Stop to Charm LSP
• Monojet search covers compressed region,  

where stop to charm + LSP decay is favored
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1-Lepton Methodology
• Define a multivariate boosted decision tree (BDT) based 

on several signal sensitive observables, e.g. 

•         = minimum mother particle mass consistent with 
observed and assumed kinematic constraints

which is more sensitive to this background topology because of the additional kinematic information

applied in the definition. Specifically, the variable MW
T2 (where the superscript W represents the on-

shell intermediate W information is included when combining lepton and neutrino) can no longer be

cast into the “maximum of two side’s MT ” form, but is instead defined directly as the minimization 5

MW
T2 = min

{

my consistent with:

[

p⃗T1 + p⃗T2 = E⃗miss
T , p21 = 0 , (p1 + pℓ)2 = p22 = M2

W ,
(p1 + pℓ + pb1)

2 = (p2 + pb2)
2 = m2

y

]}

.(3)
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Figure 5: Schematic of MW
T2, along with its signal and background event distributions. Here all of the

information is used, including theW -on-shell mass condition on both sides. As with the other variables,
p2 is the entire missing on-shell W , but p1 is the neutrino that gets paired with the visible lepton to
form the other on-shell W . All the events in the plot have Emiss

T > 150 GeV and MT > 100 GeV. The
events with no compatible top mass under 500GeV are placed in the last bin.

The diagram, along with signal and background distributions are shown in Fig. 5. We use the same

method as before to pick the two b-jets, and a method similar to that for M bℓ
T2 is used to choose which

b-jet gets paired with the visible lepton. Calculating this variable can be done efficiently in a similar

way as the MT2 calculation in Ref. [47] by generalizing the method there to this case. For perfect

measurements, this variable for the dileptonic tt̄ backgrounds is less than the true top quark mass

since the top mass should be compatible with all background events. On the other hand, the signal

events do not need to satisfy such a bound, because of its different topology and additional missing

massive particles χ̃. For some of the signal events we may not even be able to find a compatible

mass because we apply the variable to a wrong topology with the wrong mass-shell conditions. The

5The programs for calculating all new variables defined in this paper can be downloaded at
https://sites.google.com/a/ucdavis.edu/mass/
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4.3 Signal region definition 7

4.3 Signal region definition

Two approaches are pursued to define the signal regions (SRs): a cut-based approach and a
BDT multivariate approach. In both approaches, we apply the preselection requirements of
Section 4.1. The cut-based signal regions are defined by adding requirements on individual
kinematic variables. In contrast, the BDT combines the kinematic variables into a single dis-
criminant, and the BDT SRs are defined by requirements on this discriminant. The BDT ap-
proach improves the sensitivity of the search by up to 40%, at the cost of additional complexity.
The primary result of our search is obtained with the BDT, while the cut-based analysis serves
as a cross-check. Table 1 lists the variables used in the training of the BDTs (Section 4.3.1) and
summarizes the requirements for the cut-based SRs (Section 4.3.2).

t̃ ⇤ t��0
1 t̃ ⇤ b��+

1
cut-based cut-based

Selection BDT Low DM High DM BDT Low DM High DM

Emiss
T (GeV) yes > 150, 200, > 150, 200, yes > 100, 150, > 100, 150,

250, 300 250, 300 200, 250 200, 250
MW

T2 (GeV) yes > 200 yes > 200
min D⇥ yes > 0.8 > 0.8 yes > 0.8 > 0.8
Hratio

T yes yes
hadronic top �2 (on-shell top) < 5 < 5
leading b-jet pT (GeV) (off-shell top) yes > 100
DR(`,leading b-jet) yes
lepton pT (off shell W)

Table 1: Summary of the variables used as inputs for the BDTs and of the kinematic require-
ments in the cut-based analysis. All signal regions include the requirement MT > 120 GeV.
For the t̃ ⇤ t��0

1 BDT trained in region 5 of Fig. 3 top left, where the top quark is off-shell, the
hadronic top �2 is not included and the leading b-jet pT is included. The lepton pT is used only
in the training of the t̃ ⇤ b��+

1 BDT in the case where the W boson is off-shell.

4.3.1 BDT signal regions

The BDTs are trained on samples of MC signal and background events satisfying the preselec-
tion requirements and with MT > 120 GeV. The BDTs are trained with MADGRAPH samples
for t̃ ⇤ t��0

1 and a mixture of MADGRAPH and PYTHIA samples for t̃ ⇤ b��+
1 . (The choice of

generators has little impact on the final result.) The background MC sample contains all the
expected SM processes.

Separate BDTs are trained for the t̃ ⇤ t��0
1 and t̃ ⇤ b��+

1 decay modes and for different regions
of parameter space. The regions are defined in Fig. 3. In general, for a given BDT, the optimal
requirement does not depend strongly on the point in parameter space within each region.
Thus, for almost all regions defined in Fig. 3, a single BDT requirement is sufficient, and each
such requirement defines a BDT signal region. The exceptions are Region 1 for the t̃ ⇤ t��0

1
signal model and Region 2 for the t̃ ⇤ b��+

1 signal model with parameter x = 0.5; in these
regions we choose two BDT operating points, referred to as “tight” and “loose”.

BDT distributions after the preselection are shown in Fig. 4 for four of the 16 BDTs. The data
are in agreement with the SM MC simulation.

4.3.2 Cut-based signal regions

For the t̃ ⇤ t��0
1 model, two types of signal regions are distinguished: those targeting “small

DM” and those targeting “large DM”, where DM ⇥ mt̃ � m��0 . Both categories include the

P1

P2

t̃

t̃

t

χ̃0
1

χ̃0
1

t
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Razor Functions

Javier Duarte

Department of Physics

California Institute of Technology

November 28, 2012

The original theoretical razor function used in the 2011 analyses is

f

th

(x, y) = (b(x� x0)(y � y0)� 1)e�b(x�x0)(y�y0)

In practice, this was implemented numerically as

f

num

(x, y) =

⇢
1.7⇥ 10�308

if b(x� x0)(y � y0) > 700
|b(x� x0)(y � y0)� 1|e�b(x�x0)(y�y0)

otherwise

This was revised in 2012 to relax the stringent assumption on the two-dimensional

shape to include

g

th

(x, y) = (b[(x� x0)(y � y0)]
1/n � n)e�b[(x�x0)(y�y0)]1/n

I propose to implement this as

g
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We are considering modifying this to be

f
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1/n � 1) Exp

�
� bn[(x� x0)(y � y0)]

1/n
 

Last year we had
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(x, y) / (b(x� x0)(y � y0)� 1) Exp
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� b(x� x0)(y � y0)

 

Razor Signal Injection

BSM Likelihoods

Javier Duarte
Department of Physics

California Institute of Technology

January 21, 2013

The Razor 2D likelihood is an analytic function in the Razor kinematic variables
MR and R2. The full likelihood for the background-only hypothesis can be written,

Lb =
exp[�

P
j2SM Nj]

N !
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Njfj(MR(i), R
2
(i))
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and the signal+background hypothesis can be written
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i=1

 
Nsfs(MR(i), R

2
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X

j2SM
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2
i )
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In each box, for each background, the probability density may be approximated
by the 2D Razor Function

fj(MR, R
2
) = [kj(MR �M0

R,j)(R
2 �R2

0,j)� 1]

⇥ exp[�kj(MR �M0
R,j)(R

2 �R2
0,j)]

log fj(MR, R
2
) MR R2

The Razor variables are computed in the R-frame defined by the condition on
the momenta of the jets in a dijet topology

|~pj1| = |~pj2|

MR =

q
(|~p j1|+ |~p j2

)

2 � (pj1z + pj2z )

2 MR
T ⌘

s
Emiss

T (pj1T + pj2T )� ~Emiss
T ·(~p j1

T + ~p j2
T )

2

R ⌘ MR
T

MR

It can be approximated in a binned way, taking into account the predicted error
on the background prediction

Ls+b =

Y

bin i

Z
Poisson(ni|si,¯bi)LogNormal(¯bi|bi, �bi)d¯bi
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• Injected signal gg→bbbbχ0χ0 distorts 
shape, so signal emerges  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