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O U T L I N E

• Motivation: expanded natural SUSY 

• Why razor variables? 

• Searches 

• Inclusive search for squarks and gluinos 

• Exclusive search for anomalous H→ɣɣ production 

• New topological triggers 

• Outlook
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N AT U R A L  S U S Y
• Lightest Higgs boson mass is connected with 

• Higgsino masses (tree level) 

• stop/sbottom masses (1 loop) 

• gluino mass (2 loop) 

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

• “Acceptable” fine-tuning implies  
Higgsinos lighter than ~300 GeV 
stops lighter than ~700 GeV 
gluinos lighter than ~1.5 TeV1 

• Possible spectrum:

1. M. Papucci, et al. JHEP 1209 (2012) 035 
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• One heavy particle (gluino), one invisible particle (neutralino),  
one possible decay channel (bb) 

•  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• a top quark (antiquark) and a bottom antiquark (quark), and the NLSP;

• a top quark-antiquark (tt) pair and the LSP;

• a bottom quark-antiquark (bb) pair and the LSP.

Furthermore, we separately consider the case in which each gluino decays to

• a first or second generation quark-antiquark (qq) pair and the LSP.

The corresponding Feynman diagrams are shown in Fig. 1.4.
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Figure 1.4: Diagrams displaying the event topologies of gluino (upper 7 diagrams)
and top-squark (lower 3 diagrams) pair production considered in this thesis.

In addition, several simplified models are considered for the production of top-

squark pairs, in which each top squark decays to one of the following final state:

• a bottom quark and the NLSP;
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• Extended “natural” spectrum: allow multiple decay channels to see 
how it impacts our sensitivity 

• Possible gluino decay topologies  
(depending on branching ratios x, y, z)
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• a top quark (antiquark) and a bottom antiquark (quark), and the NLSP;

• a top quark-antiquark (tt) pair and the LSP;

• a bottom quark-antiquark (bb) pair and the LSP.

Furthermore, we separately consider the case in which each gluino decays to

• a first or second generation quark-antiquark (qq) pair and the LSP.

The corresponding Feynman diagrams are shown in Fig. 1.4.
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Figure 1.4: Diagrams displaying the event topologies of gluino (upper 7 diagrams)
and top-squark (lower 3 diagrams) pair production considered in this thesis.

In addition, several simplified models are considered for the production of top-

squark pairs, in which each top squark decays to one of the following final state:

• a bottom quark and the NLSP;

DRAFT—NOT FOR DISTRIBUTION 21 : 03 April 7, 2016
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M� =
m2

g̃ �m2
�̃0
1

mg̃
MR peaks at char. mass scale MΔ

I N C L U S I V E  R A Z O R
• Treat all events as “dijets + MET”  

by clustering particles  
into two pseudo-jets,  
called megajets  

• Gluino signal events well-separated from SM  
background events
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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

Ls+b =
exp[�Ns �

P
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Nj]

N !

NY
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NsPs(MR(i), R

2
(i)) +

X
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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)]

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)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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MR and New Physics Scale

I What if topology differs from ‘canonical’ di-jet SUSY
topology?) Force di-jet topology

I Consider pair-produced gluinos, undergoing
3-body decays to 2 jets and an LSP

+ Calculation of Razor Variables
!Start from the jets on the 

event

!Group the jets in two mega-
jets, minimizing the sum of 
the invariant masses

!Compute MR and R2
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!  Good performance for the considered final state, tested against specific 
algorithms (min mass distance from top hypothesis)
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3.9 Data-Monte Carlo Agreement 11
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Figure 3: Distribution of MR (left) and R2 (right) for different TCHE b-tag multiplicities, for
events from the BJet and BVeto boxes. The normalised ratio of these distributions to the inclu-
sive distribution are shown in the bottom part of each plot.
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Figure 4: Distribution of the megajet mass for the hemisphere with the highest pT (solid line)
and second highest (dashed line) for tt̄ MC (left), QCD MC (centre), and data (right). The
default Razor hemisphere algorithm is labelled as Mass Balance, while the algorithm based on
Eq. 2 is labelled Top Mass.
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Figure 5: Distributions of R2 and MR for tt̄ MC (left), QCD MC (centre), and data (right). The
colour scheme is the same as in Fig. 4. It can be seen that the Razor hemisphere algorithm
produces fewer events in the tail of the R2 distribution.

ttbar MC Faster bkg drop in kinematic variables
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1)(qq�̃0

1)

+ 6 MR and new physics scale 

M� =
M2

q̃ � M2
�̃

Mq̃

What happens to MR for topologies that differ from the one 
where it was derived? 

For di-gluino pair-production (SMS T1), the MR distribution 
peaks at the characteristic scale: 
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Here, gluinos are pair-produced 
and undergo 3-body decays to 
two jets and an LSP 

I gluino pair-production MR
distribution peaks at
characteristic scale
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Mg̃
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W H Y  R A Z O R  F O R  N AT U R A L  S U S Y ?
• Behavior of razor variables largely invariant under 

different gluino decay modes 

• Slight dependence on the presence of top quarks:  
More tops → lower MR response, larger MR resolution

7

neglecting mass 
of  bb, tt, tbW* 

systems,

MΔ



Javier Duarte 
Caltech

I N C L U S I V E  R A Z O R

S E A R C H E S  @  C M S

8



Javier Duarte 
Caltech

D ATA - D R I V E N  B A C K G R O U N D  P R E D I C T I O N

• Fit the 2D distribution of data with an empirical function 
in a background-enriched sideband, and extrapolate to 
the signal-sensitive region 

• Extensive validation of functional form performed on 
2010-2015 data and MC

9
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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)
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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

Njfj(MR(i), R
2
(i))

!

and the signal+background hypothesis can be written

Ls+b =
exp[�Ns �

P
j2SM Nj]

N !

NY

i=1

 
Nsfs(MR(i), R

2
(i)) +

X

j2SM

Njfj(MR i, R
2
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

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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The Razor 2D likelihood is an analytic function in the Razor kinematic variables
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• Size of background systematic uncertainty in signal-sensitive region 
varies between ~40%-100% 

• Example from 8 TeV fit shows how variation of shape parameters 
affects background prediction  
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TA R G E T  A N D  S T R AT E G Y
• Same basic strategy as in Run 1 with short-term  

target of gluino-mediated signal models  

• Select and categorize events based on jets and leptons 

• Perform maximum likelihood fit in a sideband of R2 and MR and 
quantify agreement between SM backgrounds and data  

• All-hadronic channel (MultiJet) uses custom razor trigger

Electron	MultijetMuon MultijetMultijet

>=4	Jets >=4	Jets>=4	Jets

≥	6	jets ≥	6	jets≥	6	jets
≥	6	jets ≥	6	jets≥	6	jets
0,	1,	2,	≥3	b-tags 0,	1,	2,	≥3	b-tags 0,	1,	2,	≥3	b-tags

11
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• Alternate representation of the data, fit prediction, and 
their agreement provides greater density of information 

• Green illustrates sideband bins
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• No significant deviation observed in any data category 

• Scattered ~2σ “local” deviations consistent with 
fluctuations

P - VA L U E =  3 4 % P - VA L U E =  8 5 %

SUS-15-004
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• Simulated signal injection for  
mg = 1400 GeV, mχ   = 100 GeV  
illustrates how an excess consistent  
with SUSY would appear 
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excluded below 1650 GeV 
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B R A N C H I N G  R AT I O S
• Scan the triangular branching ratio phase space in (x,y)

17
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• For generic branching ratio, gluino is excluded below ~1600 GeV 

• First branching-ratio independent gluino limit from LHC!
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R A Z O R  H→ ƔƔ S E A R C H
• Search for electroweak SUSY 

production (Higgsinos, Winos, Binos) 

• Selection: 

• Tag events using H→ɣɣ 

• Categorize using Higgs pT and 
photon resolution 

• Discriminating variables MR and R2  

• Background prediction in R2-MR 
plane by interpolating from mɣɣ 
sidebands 

• Look bin-by-bin in R2-MR plane for 
an excess
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R A Z O R  T R I G G E R S
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• 4 triggers designed for different aspects of SUSY/DM/Higgs phase space 

• Dijet trigger (squark pair production) 

• Quadjet trigger (gluino pair production) 

• R
2
 trigger (DM direct production / large transverse imbalance) 

• H→bb trigger (Higgs-aware SUSY à la H→ɣɣ 8 TeV excess)

PF R2 > 0.02,  
MR > 300

Calo MET

Particle Flow 
MET

3 calo jets, 
pT>(70,50,30)

2 b-tags
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MR > 200
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Particle Flow 
b-tagging
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~10  H z
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S U M M A R Y  A N D  O U T L O O K
• The CMS SUSY search program at 13 TeV has produced stringent limits on 

many natural SUSY scenarios 

• gluinos excluded below ~1600 GeV for generic BR 

• Interesting excess seen in razor H→ɣɣ analysis, so we developed a trigger to 
search in the H→bb channel 

• Forthcoming razor H→ɣɣ analysis of 2015+2016 13 TeV data as well as 
inclusive razor analysis of 2016 13 TeV data: stay tuned!
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• Gluino pair production cross section at the 13 TeV LHC is 
10x-50x greater than 8 TeV in the accessible phase space
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• Stop pair production cross section at the 13 TeV LHC is 
5x-15x greater than 8 TeV in the accessible phase space
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H I G G S  A N D  N AT U R A L N E S S

• Without SUSY, the Higgs mass would “naturally” be 
enormous, unless certain parameters are delicately fine-tuned 
to 1 part in 10,000,000,000,000,000  

• With SUSY, the Higgs mass matches what we see without 
excessive fine tuning

27

SUSY ⇒

1.3 Higgs boson mass
m2

H = m2
H0 +�m2

H (5)

�m2
H = � |�f |2

8⇡2
⇤2

UV

+ · · · (6)

�m2
H =

|�S|2

16⇡2
⇤2

UV

+ · · · (7)

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 (8)

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

Minkowski space,

�xm = am + i(✓�m⇠̄ � ⇠�m✓̄)

�✓↵ = ⇠↵

�✓̄↵̇ = ⇠̄↵̇ (9)

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 (10)

W
RPV

=
1

2
�ijkLiLjE

c
k + �0ijkLiQjD

c
k + µ0iHuLI +

1

2
�00ijkU c

i D
c
jD

c
k (11)

1.3 Higgs boson mass
m2

H = m2
H0 +�m2

H (5)

�m2
H = � |�f |2

8⇡2
⇤2

UV

+ · · · (6)

�m2
H =

|�S|2

16⇡2
⇤2

UV

+ · · · (7)

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 (8)

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

Minkowski space,

�xm = am + i(✓�m⇠̄ � ⇠�m✓̄)

�✓↵ = ⇠↵

�✓̄↵̇ = ⇠̄↵̇ (9)

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 (10)

W
RPV

=
1

2
�ijkLiLjE

c
k + �0ijkLiQjD

c
k + µ0iHuLI +

1

2
�00ijkU c

i D
c
jD

c
k (11)

1.3 Higgs boson mass
m2

H = m2
H0 +�m2

H (5)

�m2
H = � |�f |2

8⇡2
⇤2

UV

+ · · · (6)

�m2
H =

|�S|2

16⇡2
⇤2

UV

+ · · · (7)

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 (8)

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

Minkowski space,

�xm = am + i(✓�m⇠̄ � ⇠�m✓̄)

�✓↵ = ⇠↵

�✓̄↵̇ = ⇠̄↵̇ (9)

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 (10)

W
RPV

=
1

2
�ijkLiLjE

c
k + �0ijkLiQjD

c
k + µ0iHuLI +

1

2
�00ijkU c

i D
c
jD

c
k (11)

Test

Javier Duarte
Department of Physics

California Institute of Technology

January 8, 2013

/ ⇤2 (1)

/ ⇤2 (2)

+ ' 0 (3)

Test

Javier Duarte
Department of Physics

California Institute of Technology

January 8, 2013

/ ⇤2 (1)

/ ⇤2 (2)

+ ' 0 (3)+

1.3 Higgs boson mass
m2

H = m2
H0 +�m2

H (5)

�m2
H = � |�f |2

8⇡2
⇤2

UV

+ · · · (6)

�m2
H =

|�S|2

16⇡2
⇤2

UV

+ · · · (7)

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 (8)

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

Minkowski space,

�xm = am + i(✓�m⇠̄ � ⇠�m✓̄)

�✓↵ = ⇠↵

�✓̄↵̇ = ⇠̄↵̇ (9)

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 (10)

W
RPV

=
1

2
�ijkLiLjE

c
k + �0ijkLiQjD

c
k + µ0iHuLI +

1

2
�00ijkU c

i D
c
jD

c
k (11)

1.3 Higgs boson mass
m2

H = m2
H0 +�m2

H (5)

�m2
H = � |�f |2

8⇡2
⇤2

UV

+ · · · (6)

�m2
H =

|�S|2

16⇡2
⇤2

UV

+ · · · (7)

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 (8)

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

Minkowski space,

�xm = am + i(✓�m⇠̄ � ⇠�m✓̄)

�✓↵ = ⇠↵

�✓̄↵̇ = ⇠̄↵̇ (9)

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 (10)

W
RPV

=
1

2
�ijkLiLjE

c
k + �0ijkLiQjD

c
k + µ0iHuLI +

1

2
�00ijkU c

i D
c
jD

c
k (11)

1.3 Higgs boson mass
m2

H = m2
H0 +�m2

H (5)

�m2
H = � |�f |2

8⇡2
⇤2

UV

+ · · · (6)

�m2
H =

|�S|2

16⇡2
⇤2

UV

+ · · · (7)

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 (8)

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

Minkowski space,

�xm = am + i(✓�m⇠̄ � ⇠�m✓̄)

�✓↵ = ⇠↵

�✓̄↵̇ = ⇠̄↵̇ (9)

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 (10)

W
RPV

=
1

2
�ijkLiLjE

c
k + �0ijkLiQjD

c
k + µ0iHuLI +

1

2
�00ijkU c

i D
c
jD

c
k (11)

1.3 Higgs boson mass
m2

H = m2
H0 +�m2

H (5)

�m2
H = � |�f |2

8⇡2
⇤2

UV

+ · · · (6)

�m2
H =

|�S|2

16⇡2
⇤2

UV

+ · · · (7)

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 (8)

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

Minkowski space,

�xm = am + i(✓�m⇠̄ � ⇠�m✓̄)

�✓↵ = ⇠↵

�✓̄↵̇ = ⇠̄↵̇ (9)

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 (10)

W
RPV

=
1

2
�ijkLiLjE

c
k + �0ijkLiQjD

c
k + µ0iHuLI +

1

2
�00ijkU c

i D
c
jD

c
k (11)

1.3 Higgs boson mass
m2

H = m2
H0 +�m2

H (5)

�m2
H = � |�f |2

8⇡2
⇤

2
UV

+ · · · (6)

�m2
H =

|�S|2

16⇡2

⇥
⇤

2
UV

� 2m2
S log(⇤UV

/mS)
⇤
+ · · · (7)

2 SUSY and naturalness
The four-dimensional N = 1 SUSY algebra is

{Q↵, ¯Q�̇} = 2�m
↵�̇
Pm

{Q↵, Q�} = { ¯Q↵̇, ¯Q�̇} = 0

[Pm, Q↵] = [Pm, ¯Q↵̇] = 0 (8)

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

Minkowski space,

�xm
= am + i(✓�m

¯⇠ � ⇠�m
¯✓)

�✓↵ = ⇠↵

�¯✓↵̇ =

¯⇠↵̇ (9)

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 (10)

W
RPV

=

1

2

�ijkLiLjE
c
k + �0ijkLiQjD

c
k + µ0iHuLI +

1

2

�00ijkU c
i D

c
jD

c
k (11)

(top t) (stop t1,2)~

H H H H
problematic unless cancelled



Javier Duarte 
Caltech

 (GeV)γγm
110 120 130 140 150 160

 E
ve

nt
s 

/ (
1.

5 
G

eV
)

0

1

2

3

4

5

6
 (8 TeV)-119.8 fbCMS Preliminary

H I G H  R E S  C AT E G O R Y

28

2.9σ local excess  
is 1.6σ after  

look-elsewhere effect

MR region R2
region observed events expected background p-value significance (�)

150 - 250 0.00 - 0.05 363 357.6+9.6
�9.4(syst.) 0.40 0.3

150 - 250 0.05 - 0.10 149 139.4+5.6
�5.4(syst.) 0.23 0.7

150 - 250 0.10 - 0.15 35 32.5+3.4
�3.1(syst.) 0.34 0.4

150 - 250 0.15 - 1.00 7 8.0+1.7
�1.4(syst.) 0.40 -0.3

250 - 400 0.00 - 0.05 218 207.9+7.0
�6.8(syst.) 0.27 0.6

250 - 400 0.05 - 0.10 20 14.7+2.5
�2.1(syst.) 0.13 1.1

250 - 400 0.10 - 1.00 3 2.7+0.8
�0.6(syst.) 0.43 0.2

400 - 1400 0.00 - 0.05 109 101.6+5.0
�4.8(syst.) 0.26 0.7

400 - 1400 0.05 - 1.00 5 0.5+0.4
�0.2(syst.) 0.002 2.9

1400 - 3000 0.00 - 1.00 0 0.9+0.5
�0.3(syst.) 0.44 -0.1
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• Updated Run 2 signal systematic uncertainties

R U N  2  S I G N A L  S Y S T E M AT I C S

29

S Y S T E M AT I C  U N C E R TA I N T I E S

L E P T O N  S E L E C T I O N  E F F I C I E N C Y 2 %

L E P T O N  T R I G G E R  E F F I C I E N C Y 3 %

L U M I N O S I T Y 4 . 6 %

J E T  E N E R G Y  S C A L E 1 5 - 3 0 % ,  VA R I E S  W I T H  E N E R G Y  &  E TA

B - TA G G I N G  E F F I C I E N C Y 5 - 1 5 %

FA S T S I M  L E P T O N  E F F I C I E N C Y 0 - 1 0 % ,  VA R I E S  W I T H  E N E R G Y  &  E TA

FA S T S I M  B - TA G G I N G  E F F I C I E N C Y 0 - 1 0 %

I S R U P  T O  3 0 %

PA R T O N  D E N S I T Y  F U N C T I O N S 1 0 %

R E N .  A N D  FA C .  S C A L E S 3 - 5 %

P I L E U P  R E W E I G H T I N G < 1 %

M C  S TAT I S T I C S P O I S S O N
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• For all boxes, we select events that have at least four jets with pT > 40 
GeV and |η|<3 

• In the MultiJet box, we also require at least two jets with pT > 80 
GeV and |η|<3 

• Within each box, we categorize events which have 0, 1, 2, ≥3 b-
tags

B A S E L I N E  S E L E C T I O N

30

3.2 Simplified SUSY models 5

Table 1: Summary of the selection criteria and b-tag bins used to define the analysis search
regions.

Event category B-Tag bins Selection cuts

Electron + Multijet 0 b-tag, 1 b-tag, 2 b-tag, 3 or more b-tags

single electron triggered events,
one tight electron, pT(e) > 25 GeV,
MT > 120 GeV,
�4 jets with pT > 40 GeV,
MR > 400 GeV, R2 > 0.15

Muon + Multijet 0 b-tag, 1 b-tag, 2 b-tag, 3 or more b-tags

single muon triggered events,
one tight muon, pT(µ) > 20 GeV,
MT > 120 GeV,
�4 jets with pT > 40 GeV,
MR > 400 GeV, R2 > 0.15

Multijet 0 b-tag, 1 b-tag, 2 b-tag, 3 or more b-tags

hadronic razor triggered events,
Df < 2.8,
no veto electrons or muons,
�4 jets with pT > 40 GeV,
�2 jets with pT > 80 GeV,
MR > 500 GeV, R2 > 0.25

interactions. The three models considered are:

• gluino pair-production, decaying with a 100% branching fraction to a bottom quark-
antiquark (bb) pair and the LSP;

• gluino pair-production, decaying with a 100% branching fraction to a top quark-
antiquark (tt) pair and the LSP.

• gluino pair-production, decaying with a 100% branching fraction to a first or second
generation quark-antiquark (qq̄) pair and the LSP.

The corresponding pseudo-Feynman diagrams are shown in Figure 1.
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Figure 1: Diagrams displaying the event topologies of gluino pair production considered in
this analysis.

Standard Model background processes and the three simplified models are generated with
MADGRAPH V5 [21] interfaced with PYTHIA V8.1 [22]. Standard model processes are simu-
lated using a Geant4-based model [23] of the CMS detector. The simulation of new physics
signals is performed using the CMS fast simulation package [24]. Simulated events are pro-
cessed with the same chain of reconstruction programs as used for collision data. Simulation
events are reweighted according to the distribution of pileup calculated based on the measured
instantaneous luminosity.
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R A Z O R  VA R I A B L E S  ( S C A L I N G )
• Empirically we found that, for each background, the tail of the 

MR distribution is well-modeled by a falling exponential for 
different R cuts 

• The exponents follow a linear relation with respect to the cut 
position, allowing for an analytic description of the tail

31

The%razor%variables%–%scaling%

•  Empirically%we%found%that,%for%each%background,%the%tail%of%the%
MR%distribu;on%is%well=modeled%by%two%falling%exponen;als%for%
different%R%cuts%

•  The%exponents%follow%nice%linear%rela;on%with%respect%to%the%cut%
posi;on%

•  This%allows%us%to%have%a%nice%empirical%descrip;on%of%the%tail%
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M O T I VAT I O N  F O R  2 D  R A Z O R  P D F

• As you increase the cut on 
R2, the exponential slope 
on MR becomes steeper 

• Exp. slope increases 
linearly with the R2 cut 

• Same thing for MR ⟷ R2
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Sensitivity to new physics 

SM backgrounds are modeled in the MR/R2 2D plane with a 
specific type of function: 
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Function satisfying (1) and (2) is:

Razor Functions
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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
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1/n
 

Last year we had
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S E N S I T I V I T Y  W I T H  B - TA G G I N G
• For 8 TeV, majority of background is tt+jets, which populates 1b-tag and 2b-tag 

• b-tagging based on “combined secondary vertex” algorithm 

• The large mass, relatively long lifetimes and hard daughters of bottom hadrons 
can be used to identify the hadronic jets into which the b quarks fragment 

• Discriminator uses secondary vertex and the kinematic variables associated with 
this vertex, such as flight distance and direction 

• b-tagging has dependence on pT, so we expect the MR shape to have some 
dependence on the b-tag bin (so we allow the ≥2b-tag shape to differ from the  
1b-tag shape)
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Figure 7: Efficiency for b-jets and misidentification probabilities for c and light-parton jets of the (a, c) JPL and (b, d) CSVM taggers as
a function of (a, b) jet pT and (c, d) jet pseudorapidity in QCD multijet events (filled symbols) and tt events (open symbols). A trigger
threshold of pT > 60 GeV/c is applied to the leading jet in the QCD events. Jets with pT > 30 GeV/c and |h| < 2.4 are used in both samples.
In (a) and (b), the rightmost bins includes all jets with pT > 500 GeV/c. For the CSVM tagger, the misidentification probability for light
partons is scaled up by a factor of ten.
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• 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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• 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
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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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L H C  C L S L I M I T  S E T T I N G

• b-only (s+b) full fit on data => best fit for b-only (s+b) nuisance parameters 

• All nuisances fixed to ML estimators at toy generation  

• Profile Likelihood ratio (s+b vs. best-fit s+b) test statistic re-fit in the full 
region
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The full signal+background unbinned extended likelihood for the 2013 inclusive razor analysis
is
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where N is the number of events in the dataset, � is the signal cross section (parameter of interest)
and ✓ represents the set of nuisance parameters, including luminosity L, signal efficiency ", and all
the background shape parameters inherent in the definition of fj(MR, R2, nb-tag).

The background-only likelihood is simply

Lb(data|✓) = Ls+b(data|� = 0, ✓)

The marginalized test statistic for fixed signal cross section � (Razor 2011–2012) is The profile
likelihood test statistic for fixed signal cross section � (LHC-style CLs prescription) is
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• Protons collide, producing two squarks, which then 
decay to two quarks and two invisible particles

S U S Y  P R O D U C T I O N  AT  T H E  L H C
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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.

m2
H(physical) = m2

H(bare) +�m2
H

�E�t � ~
2

q q̃ �̃0
1

M� =
m2

q̃ �m2
�̃

mq̃

MR R2

proton proton

Higgs

Javier Duarte

Department of Physics

California Institute of Technology

December 16, 2012

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.

m2
H(physical) = m2

H(bare) +�m2
H

�E�t � ~
2

q q̃ �̃0
1

M� =
m2

q̃ �m2
�̃

mq̃

MR R2

Higgs

Javier Duarte

Department of Physics

California Institute of Technology

January 2, 2013

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.

m2
H(physical) = m2

H(bare) +�m2
H

�E�t � ~
2

q q̃ �̃0
1

M� =
m2

q̃ �m2
�̃

mq̃

MR R2

p p t t̄

E = mc2

Higgs

Javier Duarte

Department of Physics

California Institute of Technology

January 2, 2013

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.

m2
H(physical) = m2

H(bare) +�m2
H

�E�t � ~
2

q q̃ �̃0
1

M� =
m2

q̃ �m2
�̃

mq̃

MR R2

p p t t̄

E = mc2

Higgs

Javier Duarte

Department of Physics

California Institute of Technology

January 2, 2013

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.

m2
H(physical) = m2

H(bare) +�m2
H

�E�t � ~
2

q q̃ �̃0
1

M� =
m2

q̃ �m2
�̃

mq̃

MR R2

p p t t̄

E = mc2

Higgs

Javier Duarte

Department of Physics

California Institute of Technology

January 2, 2013

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.

m2
H(physical) = m2

H(bare) +�m2
H

�E�t � ~
2

q q̃ �̃0
1

M� =
m2

q̃ �m2
�̃

mq̃

MR R2

p p t t̄

E = mc2

CMS
27 kilometer ring



Javier Duarte 
Caltech

• We can’t directly observe the invisible particles, but 
we observe missing transverse momentum

W H AT  W E  S E E
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S L H A  F O R  N AT U R A L  S U S Y

• SLHA file can be found at: 
 

• Chargino decay branching fractions are:

40

https://github.com/CMS-SUS-XPAG/GenLHEfiles/blob/master/slha/T2tb.slha

#           BR         NDA      ID1       ID2       ID3
     3.51024479E-01    3     1000022         2        -1   # BR(~chi_1+ -> ~chi_10 u    db)
     3.51024479E-01    3     1000022         4        -3   # BR(~chi_1+ -> ~chi_10 c    sb)
     1.17008160E-01    3     1000022       -11        12   # BR(~chi_1+ -> ~chi_10 e+   nu_e)
     1.17008160E-01    3     1000022       -13        14   # BR(~chi_1+ -> ~chi_10 mu+  nu_mu)
     6.39347234E-02    3     1000022       -15        16   # BR(~chi_1+ -> ~chi_10 tau+ nu_tau)

https://github.com/CMS-SUS-XPAG/GenLHEfiles/blob/master/slha/T2tb.slha

