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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included







CMS Exotica Physics Group Summary – ICHEP, 2016!

RS1(jj), k=0.1
RS1(γγ), k=0.1

0 1 2 3 4

coloron(jj) x2

coloron(4j) x2

gluino(3j) x2

gluino(jjb) x2

0 1 2 3 4

RS Gravitons

Multijet 
Resonances

SSM Z'(ττ)
SSM Z'(jj)

SSM Z'(ee)+Z'(µµ)
SSM W'(jj)
SSM W'(lv)

0 1 2 3 4 5

Heavy Gauge 
Bosons

CMS Preliminary

LQ1(ej) x2
LQ1(ej)+LQ1(νj) β=0.5

LQ2(μj) x2
LQ2(μj)+LQ2(νj) β=0.5

LQ3(τb) x2

0 1 2 3 4

Leptoquarks

e* (M=Λ)
μ* (M=Λ)

q* (qg)
q* (qγ) f=1

0 1 2 3 4 5 6

Excited 
Fermions

dijets, Λ+ LL/RR
dijets, Λ- LL/RR

0 1 2 3 4 5 6 7 8 9 101112131415161718192021

ADD (γ+MET), nED=4, MD

ADD (jj), nED=4, MS

QBH, nED=6, MD=4 TeV

NR BH, nED=6, MD=4 TeV

String Scale (jj)

0 1 2 3 4 5 6 7 8 9 10

Large Extra 
Dimensions

Compositeness

TeV

TeV

TeV

TeV

TeV

TeV

TeV

13 TeV 8 TeV

LQ3(νb) x2
LQ3(τt) x2
LQ3(vt) x2

Single LQ1 (λ=1)
Single LQ2 (λ=1)

RS1(ee,μμ), k=0.1

SSM Z'(bb)

b*

QBH (jj), nED=4, MD=4 TeV

ADD (j+MET), nED=4, MD

ADD (ee,μμ), nED=4, MS

ADD (γγ), nED=4, MS

Jet Extinction Scale

dimuons, Λ+ LLIM
dimuons, Λ- LLIM

dielectrons, Λ+ LLIM
dielectrons, Λ- LLIM

single e,  Λ HnCM
single μ, Λ HnCM
inclusive jets, Λ+
inclusive jets, Λ-



t* → tg S=3/2

t* → tg S=1/2

b* → tW KL=1

b* → tW KR=1

b* → tW k=k=1

t* → tg S=3/2

Observed limit 95%CL (TeV)
0 0.4 0.8 1.2 1.6 2

T → tH cWb)=1.5

T → tH cZt=2.5

T → tH cWb=1.5

T → tH cZt=2.5

T → tZ cWb=1.5

T → tZ c(Zt)=1.5

B → bZ c(Wt)=1.5

T → bW c(Wb)=1.5

Y→ tH c(Wb)=1.0

Observed limit 95%CL (TeV)
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

13 TeV

Q → qW 

T → tH 

T → tZ 

T → bW 

B → bH 

B → bZ 

B → tW 

X5/3 → tW 

X5/3 → tW 

T → bW 

Observed limit 95%CL (TeV)
0 0.3 0.6 0.9 1.2 1.5

Z’(1.2%) → tt

Z’(10%) → tt

gKK → tt

W’ → tb

W’ → tb Mν<MW’

W’ → tb Mν>MW’

Z’(1%) → tt

Z’(10%) → tt

Z’(30%) → tt

gKK → tt

W’ → tb Mν<MW’

W’ → tb Mν>MW’

Z’→ Tt

Observed limit 95%CL (TeV)
1 1.5 2 2.5 3 3.5 4 4.5 5

40 fb

40 fb

15 fb

8 fb 80 fb

500 fb

8 TeV

13 TeV

radion → HH

W’ → WH 

Z’ → ZH

GBulk → WW 

GBulk → ZZ

W’ → VW  HVT(B)

W’ → WH HVT(B)

Z’ → VH HVT(B)

radion → HH

Observed limit 95%CL (TeV)
0 0.5 1 1.5 2 2.5 3

8 TeV

13 TeV
10 fb

13 fb

20 fb

28 fb

6 fb

30 fb

B2G
new physics searches with heavy SM particles

35 fb

25 fb

7 fb

7 fb

35 fb

9 fb
8 TeV

13 TeV4 fb

20 fb

300 fb

60 fb

800 fb

900 fb

50 fb

50 fb

4.2 fb

10 fb

22 fb

19 fb

70 fb

60 fb

70 fb

40 fb

18 fb

⟡model-independent

(KL/KR=1)

(KR=1)  

(KL=1)  

 Gbulk

 Gbulk

8 TeV

⟡

⟡600 fb

400 fb

200 fb

200 fb

200 fb

200 fb

250 fb

15 fb

20 fb

18 fb

⟡

t → lep
cWb=1.5
t → lep
cZt=2.5
t → had
cWb=1.5
t → had
cZt=2.5

  cWb=1.5  

  cZt=1.5   

  cWt=1.5   

  cWb=1.5     

  cWb=1.0     

2.4 fb

LQ->top+mu

LQ->top+tau

LQ->bmu

0 0.375 0.75 1.125 1.5

13 TeV

13 TeV

70 fb

11 fb

→ tZt (50%) 
+ tHt (50%)

Vector-like quark single production                                                                                                                              

Vector-like quark pair production                                                                                                                              Resonances to heavy quarks Excited quarks

Resonances to dibosons

Leptoquarks

Observed limit 95% CL (TeV)

(KR=1)  

(Mν<MW’)

(Mν>MW’)

(Mν<MW’)

(Mν>MW’)

0.31 fb

CMS



(tH)Β
0 0.2 0.4 0.6 0.8 1

(b
W

)
Β

0

0.2

0.4

0.6

0.8

1

900

1000

1100

1200

1300

1300 1290 1290 1280 1270 1270

1280 1260 1260 1250 1250

1240 1230 1220 1220

1190 1180 1180

1160 1150

1140

95
%

 C
L 

ob
se

rv
ed

 T
 q

ua
rk

 m
as

s 
lim

it 
(G

eV
)

 (13 TeV)-135.9 fb

CMS

(bH)Β
0 0.2 0.4 0.6 0.8 1

(tW
)

Β

0

0.2

0.4

0.6

0.8

1

900

1000

1100

1200

1300

960 960 950 920 910 910

1080 1080 1080 1070 1080

1150 1150 1140 1160

1190 1180 1180

1220 1200

1240

95
%

 C
L 

ob
se

rv
ed

 B
 q

ua
rk

 m
as

s 
lim

it 
(G

eV
)

 (13 TeV)-135.9 fb

CMS



Fin



• Woefully incomplete

• Surely biased

• Gratuitously self-indulgent

My personal perspective on LHC 
BSM searches, with some examples 
— and caveats:



• Woefully incomplete

• Surely biased

• Gratuitously self-indulgent

My personal perspective on LHC 
BSM searches, with some examples 
— and caveats:



• Woefully incomplete

• Surely biased

• Gratuitously self-indulgent

My personal perspective on LHC 
BSM searches, with some examples 
— and caveats:



• Woefully incomplete

• Surely biased

• Gratuitously self-indulgent

My personal perspective on LHC 
BSM searches, with some examples 
— and caveats:



B S M

?

Continuing the latest phase 
of our fantastic journey…

LHC13

Part 3

Is this still 

natural?  

Surely 
we’re 
getting     

close?

m��



B S M

Continuing the latest phase 
of our fantastic journey…

LHC13

Part 3

Is this still 

natural?  

Surely 
we’re 
getting     

close?

m��

?



LHC13

Part 3

Is this still 

natural?  

Surely 
we’re 
getting     

close?

m��

Not quite the right analogy…
…“BSM” isn’t one signature that we simply look for



LHC13

Part 3

Is this still 

natural?  

Surely 
we’re 
getting     

close?

m��

Rather: Is this what the LHC13 is supposed to look like?
Are our observations consistent with the SM?
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?

Less like searching 
for a single person… 

Searching Collider Phase Space for BSM

LHC Mountain
More like exploring a previously 
unvisited landscape,
searching for new                    
flora/fauna/geographical features 



Searching Collider Phase Space for BSM
The elevation represents the rate of production of               
different types of collision events

LHC Phase-space

phase space

cr
os

s-
se

ct
io

n
The lateral distance from the center of the                            
mountain represents what’s in those collision events,                                       
i.e. how rare they are



Searching Collider Phase Space for BSM
■ Particles decaying to                              

W/Z/γ/leptons/                                 
top quarks/b-jets

■ Cascading decays 
through SM/BSM 
spectrum can lead to                  
high/conspicuous 
object multiplicities 
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more heavy particles
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LHC Phase-space



Searching Collider Phase Space for BSM
■  Heavy BSM particles decaying 

to SM particles                      
➔ large visible momenta 

■  New symmetry conservation 
➔ large missing momenta

kinem
atic phase-space

■ Resonances, 
kinematic edges, 
mass sensitive 
variables…more mass ⇒ more energy

[1411.1427]

LHC Phase-space



Searching Collider Phase Space for BSM
more integrated luminosity 
(more data) reveals more              

of the phase-space

100 events 
produced / 100 fb-1

[1411.1427]
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Searching for rare BSM events
■ BSM physics can potentially produce event 

topologies rarely seen in the SM 

■ Must control/measure object fake-rates and 
validate/understand simulation of rare SM 
processes 

LHC Phase-space



Searching for general BSM excesses
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■ BSM can produce an excess of events with interesting kinematic 
features (large missing transverse energy, momentum, mass)

■ Final states with non-interacting  particles can lead to                       
‘broad’ excesses in the tails of these kinematic distributions 
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■ Must have an accurate 
reference expectation for the 
SM to see subtle features!

LHC Phase-space



Searching for general BSM excesses

LHC Phase-space

Nearby regions of phase space are often 
necessary to contextualize our 
observations in signal sensitive regions 
sidebands, control regions, …

LHC Phase-space



Searching for BSM kinematic features
■ New physics can produce kinematic features 

that are not expected in the SM –           
bumps, edges, kinks…

■ Understanding/measuring/improving           
physics object reconstruction essential for             
being  able to resolve these features

Phys. Lett. B 726 (2013), pp. 88-119



Standard Model Signposts

Di-lepton invariant mass is 
used to identify Z bosons

SM scale ‘candle’ used to calibrate detectors, commission object 
reconstruction and study backgrounds to new physics 

muons

jets



The view from the pole(s)
■ LHC searches begin at ‘the pole’: W/Z bosons, tops, quarkonia candles

■ Used to: select control samples of leptons, photons, b-jets, …
calibrate/measure object reconstruction performance, 
fake-rates, energy scales
validate our understanding of the SM in new phase-space 

JINST 10 (2015) P02006



Searches at the shore
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Searches at the shore
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Searches at the shore 
EPJC 74 (2014) 3036 [1405.7570]
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Constraints on sparticle masses beyond ~2 TeV
Does this mean we’ve explored the entire LHC13 

phase-space to this mass scale? … NO!
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Compressed Mass Spectra
Generally, in scenarios with decays to invisible particles           
mass-sensitive observables scale as:

parent sparticle mass LSP mass

As                    becomes smaller, SM decay products become softer 
(more difficult to identify), while backgrounds are larger ⇒                      

no longer in the tails of                                                                       
mass-splitting-sensitive observables

At large                   , relevant SM backgrounds yields are falling 
quickly in the matching phase-space ⇒                                     

expect good S/B in the tails of                                                  
mass-splitting-sensitive observables

mP̃ �m�̃

⇠ mP̃ �m�̃

mP̃ �m�̃
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Consider SUSY EWK-ino production

If the mass-splitting between 
sparticles,                     , is small 
(compressed) then the decay 
products (both visible and 
invisible) will be soft

Can still calculate masses/
splittings, but they may not be 
distinctive from background…
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We can instead consider observables sensitive 
to the absolute mass of missing sparticles

Identifying events with hard 
strong initial-state radiation 
means that soft particles will 
get momentum from recoil 

In the limit of extreme                                     
compression the                                                 
momentum of missing particles is sensitive to their mass
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Can be hard to identify a valley…



Can be hard to identify a valley…
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Lack of phase-space in stop 
decay generally leads to 

soft decay products, 
including small             

missing momentum
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Can use this ISR-assisted compressed analysis technique 
to search for compressed decays of SUSY top partners
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Can use this ISR-assisted compressed analysis technique 
to search for compressed decays of SUSY top partners
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Can also use this ISR-assisted compressed analysis technique 
to search for compressed decays of other  SUSY particles

Compressed Squarks



SUSY EWKinos
Can also use this            
ISR-assisted compressed 
analysis technique to 
search for EWKinos

arXiv:1806.02293
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SUSY EWKinos
Can also use this            
ISR-assisted compressed 
analysis technique to 
search for EWKinos

arXiv:1806.02293
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SUSY EWKinos arXiv:1806.02293
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SUSY EWKinos Interpretation
arXiv:1809.02097

Global fit of EWMSSM by 
GAMBIT collaboration over 
parameters                          
including relevant LEP and           
13 TeV LHC constraints

M1,M2, µ, tan �

EWKino mass confidence intervals w/ collider constraints            
best fit point with 3.5 𝜎 local significance



SUSY EWKinos Interpretation

arXiv:1809.11082: Excesses compatible with         
DM relic density, DM direct detection, and muon g-2 

ar
X

iv
:1

80
9.

02
09

7

EWKino mass confidence intervals 
w/ collider + DM constraints, along 
with profile likelihood/confidence 

intervals including LSP relic density + 
SI direct detection xsection  



SUSY EWKinos Interpretation

EWMSSM fit suggests very weak constraints from LHC 13 TeV 
analyses when considering the more comprehensive 

phenomenology of electroweak sector of MSSM

arXiv:1809.02097

▪ lower x-sections of non-wino dominated states

▪ reduced yields from additional production/decay 
modes relative to simplified models

Due to, for example



Summary
▪ LHC BSM searches are probing many corners of accessible 

phase space, with sensitivity to new physics continuing to 
grow with more data 

▪ As new 13 TeV phase space is revealed, new techniques are 
being deployed to target previously inaccessible signals ⇒                                                                              

Invisible particle final states in compressed scenarios and 
signatures characteristic of EWKinos, among other 
possibilities, could reveal something interesting

▪ Simplified model interpretations of null BSM search results 
reflect the sensitivity of these analyses but not the entirety of 
BSM possibilities ⇒                                                                           

New physics could be just around the corner, so stay tuned!



CMS and ATLAS BSM Results

▪ ATLAS Public Results [link]
▪ SUSY [link]
▪ Exotics [link]

▪ CMS Public Results [link]
▪ SUSY [link]
▪ Exotics [link]
▪ Beyond 2 Generations [link]

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
http://cms.web.cern.ch/news/cms-physics-results
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
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The Large Hadron Collider (LHC)

27 km circumference proton-proton collider
protonsprotons

With:
3.5 + 3.5   =  7 TeV   (2010-11)
 4   +   4    =  8 TeV   (2012)

beam/collision energies

CERN
Meyrin, Switzerland

 6.5  +  6.5  =  13 TeV (2015-18)



The Large Hadron Collider (LHC)

CMS

protonsprotons

ATLAS

27 km circumference proton-proton collider

colliding at fixed points around the ring

CERN
Meyrin, Switzerland



The view from the peak

Eur.Phys.J. C72 (2012) 1844

■ LHC searches begin at ‘the rate peak’: QCD multi-jet production

■ Used to: select control samples of leptons, photons, b-jets, …
calibrate/measure object reconstruction performance, 
fake-rates, energy scales
validate our understanding of the SM in new phase-space 





Sparticles In Motion
This ISR-assisted compressed analysis technique is already 
employed in ATLAS zero-lepton searches for SUSY top partners
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…and now also in one-lepton final states too



Sparticles In Motion
This ISR-assisted compressed analysis technique is also used in 
ATLAS zero-lepton searches for strongly-interacting sparticles:
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abstract excerpt:



Event Reconstruction
How can we interpret the information 
we measure in each event?



Invisible Particle Reconstruction

▪ How do we study weakly interacting particles? 
▪ Can infer their presence through missing transverse energy
▪ Hermetic design of LHC experiments allows us to infer 

‘what’s missing’

~Emiss
T = �

cellsX

i

~ET

▪ full azimuthal coverage,              
up to |Ƞ| of ~5

▪ stopping power of ~12-20 
interaction lengths

▪ ECAL+HCAL components 
with segmentation comparable 
to lateral shower sizes

LHC Calorimeters



Missing Transverse Energy

▪ Body Level One
• Body Level Two
▪ Body Level Three
• Body Level Four

»Body Level Five

?

Missing transverse energy only tells us about the momentum of weakly 
interacting particles in an event…



…not about the identity or mass of weakly interacting particles, 
or about the particle(s) they may decay from…

Missing Transverse Energy



…not about the identity or mass of weakly interacting particles, 
or about the particle(s) they may decay from…

Missing Transverse Energy



We can learn more by using other information in an 
event to contextualize the missing transverse energy 
and resolve additional information

Missing Transverse Energy
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Event Reconstruction
How can we interpret the information 
we measure in each event?

Suppose I’m interested in Ferris wheels,                   
particularly their size…
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I can clearly infer the wheel radius from this image…

Event Reconstruction
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…and in the dark with only each cabin lit?…

Event Reconstruction
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…and with only some of the cabins lit?…

Event Reconstruction
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…and now?

Event Reconstruction
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Event Reconstruction

How can we interpret the 
information we measure 
in each event? ⇒?

▪ Seeing only lights, we must first assume we are looking at 
a Ferris wheel to make inferences

▪ With only two lights, we can only infer its minimum radius
▪ What if we…
▪ knew how many equidistant cabins there were? 
▪ assumed that the two lit cabins were opposite each other?
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Event Reconstruction
Suppose we want to study 
events with a Z boson 
decaying to two leptons

LAB

Z
+l -l

Lab State

Decay States

Visible States

We reconstruct the particle 
candidates in each collision, 
keeping events with two 
opposite sign, same-flavor 
leptons. How do we interpret 
their measured momentum?

muons

jets
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Event Reconstruction

We can calculate the invariant mass of the two leptons

muons

jets

M(``)2 = (p`1 + p`2)
2 = (E`1 + E`2)

2 � |~p`1 + ~p`2|2

Reveals the resonant structure of the Z boson decay 
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Event Reconstruction

LAB

Z
+l -l

Lab State

Decay States

Visible States

⇒

⇒ From the two leptons, we 
can make inferences about 
the mass of the Z boson, 
just like the wheel radius 
from opposite lights

The invariant mass is part of a complete basis of observables

Instead of considering the individual lepton momenta,               
we can look at the Z boson’s four vector, its decay angle,            
and the orientation of its decay plane
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Event Reconstruction

Just as one can imagine more 
involved Ferris wheels…

LAB

H
Z

 -l  +l
Z

 -l  +l

Lab State

Decay States

Visible States

…Nature also realizes more 
complicated decays in 
collision events



Event Reconstruction

LAB

H
Z

 -l  +l
Z

 -l  +l

Lab State

Decay States

Visible States

These events can be 
analyzed in the same way 
as the simpler case:

⇒

79

⇒ (a) Assume a decay  
topology describing 
the event

(b) Calculate observables 
according to the        
decay tree —           
particle masses and   
decay angles



…and now?

Event Reconstruction



Event Reconstruction

How can we interpret the 
information we measure 
in each event? ⇒?

▪ Seeing only lights, we must first assume we are 
looking at a Ferris wheel to make inferences

▪ With only two lights, we can                             
only infer its minimum radius



Invisible Particles

LAB

W

l ν

Lab State

Decay States

Visible States

Invisible States
What about events with 
missing invisible particles?

As the invisible particle 
escapes undetected, it carries 
with it important, 
irrecoverable information 
describing the event



Invisible Particles
LAB

W

l ν

Lab State

Decay States

Visible States

Invisible States

What information 
are we missing?

four unknown d.o.f. associated with the neutrino
(~p⌫,T, p⌫,z, m⌫)

~p⌫,T = ~E miss
T m⌫ = 0

p⌫,z

subject to three constraints

leaving one under-constrained unknown:



Invisible Particles
LAB

W

l ν

Lab State

Decay States

Visible States

Invisible States

What information 
are we missing?

four unknown d.o.f. associated with the neutrino
(~p⌫,T, p⌫,z, m⌫)

~p⌫,T = ~E miss
T m⌫ = 0

p⌫,z

subject to three constraints

leaving one under-constrained unknown:

Unfortunately, most of the desired observables    
(W mass, decay angles) all depend on p⌫,z



Invisible Particles

LAB

W

l ν

Lab State

Decay States

Visible States

Invisible States

Crucial observation for RJR: 
despite decaying to both a visible and invisible 
particle, knowing only the velocity relating the   
W rest frame to the lab frame gives us all the 
information we need

The W mass can be calculated from the lepton’s energy, 
as in this reference frame 

Knowing this velocity (        ), we can boost the measured 
lepton from the lab frame to the W rest frame

MW = 2E W
`

~� lab
W

The angle between         and        gives the W decay angle, 
and their cross-product the decay plane orientation  

~� lab
W ~p W

`



Invisible Particles

LAB

W

l ν

Lab State

Decay States

Visible States

Invisible States

Crucial guess/choice: 
interpret the event with        chosen to satisfyp⌫,z

@MW (� lab
W,z )

@� lab
W,z

= 0

What are the implications of this choice?



Invisible Particles

LAB

W

l ν

Lab State

Decay States

Visible States

Invisible States

Crucial guess/choice: 
interpret the event with        chosen to satisfyp⌫,z

@MW (� lab
W,z )

@� lab
W,z

= 0

(a) Our W mass estimator can be expressed as 
M2

W = m2
` + 2

⇣
|~p lab

⌫,T |
q

m2
` + |~p lab

`,T |2 � ~p lab
`,T · ~p lab

`,T

⌘

The resulting observable is the         
well-known transverse mass, and 
is equivalent to minimizing the   
W mass w.r.t. p⌫,z



Invisible Particles

LAB

W

l ν

Lab State

Decay States

Visible States

Invisible States

Crucial guess/choice: 
interpret the event with        chosen to satisfyp⌫,z

@MW (� lab
W,z )

@� lab
W,z

= 0

(b) The partial derivative ensures that all kinematic 
observables we calculate will be independent of the true 
value of         , ex. the W mass estimator is invariant under 
longitudinal boosts

� lab
W,z

M2
W = m2

` + 2
⇣
|~p lab

⌫,T |
q

m2
` + |~p lab

`,T |2 � ~p lab
`,T · ~p lab

`,T

⌘



Invisible ParticlesInvisible Particles
p⌫,zChoosing         according to this prescription results in a 

basis of observables, each accurately estimating physical 
quantities of interest related to the W boson:
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transverse part      
of W decay angle

azimuthal angle  
between W decay plane 
and                 plane ~pW,T /n̂z



Invisible ParticlesInvisible Particles
While perfectly invariant under longitudinal 
boosts, these observables are also invariant 
to order      in transverse boosts 
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In a sense, our approximation of the W rest frame 
in each event has these invariance properties



Recursive Jigsaw Reconstruction

▪ Rather than obtaining one observable, get a                    
complete basis of useful observables for each event 

A new approach to reconstructing final 
states with missing information

▪ The strategy is to transform observable momenta iteratively 
reference-frame to reference-frame, traveling through each of 
the reference frames relevant to the topology

▪ Recursive: At each step, specify only the relevant d.o.f. 
related to that transformation ⇒ apply a Jigsaw Rule                            

Repeat procedure recursively, using the visible momenta 
encountered in each reference frame

▪ Jigsaw: each of these rules is factorizable/customizable/
interchangeable like a (strange) jigsaw puzzle pieces

▪PRD 96, 112007 (2017) 
[1705.10733]



Two Invisible Particles

⇒?
What if there is more than one 
missing particle in an event?

We consider examples in the di-lepton 
and missing momentum final state:
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RJR & Two Invisible Particles

LAB

 0H

aW

al aν
bW

bl bν

Lab State

Decay States

Visible States

Invisible States
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For resonant W production, observables in the 
same basis are sensitive to the Higgs

Already used in CMS measurement 
of Higgs mass in this channel 
[JHEP 01 (2014) 096, arXiv:1312.1129]



RJR & Two Invisible Particles
Resulting basis of observables 
are the super-razor variables
[PRD 89, 055020 (2014)]

Example: di-sleptons

extracts ~uncorrelated           
mass peaks and edges
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of other observables



More Particles

⇒?

What if there are even more particles 
expected in the decays in an event?



Di-leptonic (s)top Pairs

In more complicated decay topologies there can be 
many masses/mass-splittings, spin-sensitive angles and 
other observables of interest that can be used to 
study the SM and distinguish it from SUSY signals



Mass-sensitive singularity 
variables are sensitive to 
mass splittings through 
end-points, but are not 
necessarily independent
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Di-leptonic (s)top Pairs
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RJR provides 
independent 
information about 
five different masses, 
and decay angles

Di-leptonic (s)top Pairs



largely independent information about decay angles

Here, the decay angle of the top/anti-top system 
can be used to study resonance structure in 
Graviton production, along with di-top mass
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More Invisible Particles



More Invisible Particles
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More Invisible Particles
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By factorizing our choices for kinematic 
unknowns we can extract more         

independent information
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We apply         
three Jigsaw Rules 
according to 
three different  
two-body decays
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More Invisible Particles
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More Invisible Particles
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More Invisible Particles
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The factorized RJR approach resolves the intermediate 
particles and decays appearing in the tree
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