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Evidence of Dark Matter 

Orbital velocities
of galaxies within
clusters

gravitational
lensing

Galactic rotation curves

Bullet cluster



What could dark matter be?

✔ Something MASSIVE (cold DM)
✔ Interacts via the weak interaction
✔ Something different from our known Particles!

● WIMPS : Weakly Interacting Massive Particles

Not normal mater at al, but  
someting entrely exotc and unknown



Universe cooling down

   freeze out

Relic abundance

 DM
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Thermal history of WIMP

A new (heavy) particle    in Tharmal equilibrium
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WIMP miracle or coincidence?

DM
cosmos⇔

?
DM

wimp

≃0.1×3×10−26 cm3 s−1

〈 v 〉 CDM h
2=0.110±0.006


New physics at weak scale ?

〈 v 〉≃10−26 cm3 s−1

● Cosmology indicates to explore at weak scale

● BSM independently predicts particle with right density as DM!

● Evidence of new physics? Driving motivation for DM search.
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● Crossing:          production ~ annihilation ~ scattering.

  ---- are tey same??
● SM – Neutrino

● BSM – 'Dark matter' at the laboratory 

●           signature at LHC + DM motivated models:       
Difcult t fly reconstuct events and extact masses,
couplings of new partcles.
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Dark Matter 
Cosmology vs Missing particles at Collider

Cosmic Relic Density ::

χ χ



Mass measurements : Behind the curtain

Singularities in observable phase space?
→ end-point, cusp, kink...      

● Global approach: 
Determine the mass scale
of new physics.

Aftr NP discovery:       
Look for specific topology
typically with (long) decay
chain. Isolate them to
extract mass informations.



Mass scale of new physics (No trial mass parameters)

● Transverse variables - 

● Global inclusive variables- 

Specific topology + extract mass informations :

● Invariant mass endpoint boundary line

● Polynomial method

● Transverse mass variables and variants:

●  Hybrid method

ET , HT , M eff

E ,M ,M Tgen
max , Ŝ min

M T2 , M CT , M T2 (n ,c , p) , M T2( perp) , M 2

Mass measurements : recollection

Hinchliffe, Paige, Bachacou,Allanach, Lester, Parker, Webber, Gjelsten, Miller, Osland..
Nojiri, Polesello, Tovey, Cheng, Gunion, Han, McElrath, Marandella..

Lester, Summers, Barr, Stephens, Tovey, Cho, Choi, Kim, Park,Kong, Matchev, Park, Burn ..



       Events@LHC: Different viewpoints

Missing PT

Dark matter candidate

PT
miss



Event Partitioning

Generic event topology for new physics

        Constraint in 
Transverse Projection



 Z or h – mass measurements

Te “Standard signals”: All visible decay

Invariant Mass (M)
M h

2 = M 2(γ ,γ)≡ (∣⃗P1∣+∣⃗p2∣)
2−( P⃗1+ p⃗2)

2

c



W – mass measurements

Te “Standard signals”: single Semi-invisible decay

Transverse Mass (MT)
M w

2 ≥ MT
2 l , ≡ ∣PT

l ∣∣qT
∣2−PT

l qT
 2

Kinemetic end point over many points

~ massless neutrino



W – mass measurements

Te “Standard signals”: single  Semi-invisible decay

Transverse Mass (MT)
M w

2 ≥ MT
2 l , ≡ ∣PT

l ∣∣qT
∣2−PT

l qT
 2

Kinemetic end point over many points

~ massless neutrino



If there are two invisibles?

● If we could have measured q's!
● For each leg

● Without having transverse momentum
of each missing one:

● Minimization over all possible 'trial' q-
momentum.

Lester,Summers,Barr..

M w
2 ≥ MT

2 l , ≡ ∣PT
l ∣∣qT

∣2−PT
l qT

 2

M T →M T2



If there are two of them?

● If we could measure q's!
● For each leg

● Without having transverse momentum
of each missing one:

● Minimization over all possible 'trial' q-
momentum.

M T2
max M w

{Over all events}

M w
2 ≥ MT

2 l , ≡ ∣PT
l ∣∣qT

∣2−PT
l qT

 2

Lester,Summers,Barr..

M T →M T2



In place of 'neutrinos' something massive!!

● Take a trial      mass 
● Look for               distribution M T2 m0



m0

m1

Find M T2
max m0

m0

M T2 m0

d
dM T2

Lester,Summers'99



If 'neutrinos' were massive!!

● Take a trial      mass 
● Look for               distribution M T2 m0



m0

m1

Find M T2
max m0

m0

M T2
max m0

m0

Role of trial mass

Lester,Summers'99



 Magic Kink !

● Kink can arise from

● Composite particle each side

● ISR effect

● Subsystem 

Cho, Choi, Kim, Park '07

Barr, Gripaios, Lester '07
Burns, Kong, Matchev, Park '08

Burns, Kong, Matchev, Park'08

M T2
max m0

m0



Second Transversification

pk,Kong,Matchev,Park'09



Global inclusive variables

● Mass scale of new physics.
● Make use of all observed momenta including

Z-component, without hypothesising any
particular topology or final states.

● Total visible energy : E

● Total visible inv. Mass : M

● Oxbridge variable: 

● Gator variable:

MTgen
max



Mass scale measurement
● Depend on both          and       OR don't!
➔

➔ Oxbridge variant : 
➔ Gator variable

M SUSY M

mTgen
max m=M SUSY

Smin m=2 M SUSY 
2

pk,Kong,Matchev'08



pk,Kong,Matchev,Park'10



pk,Kong,Matchev,Park'10



Event Partitioning

Generic event topology for new physics

        Constraint in 
Transverse Projection



       Transverse Projection  :  Which way?

A Storm in a 'T' Cup

Refine Transversification
                         Separate operations:
1. Partitioning & Summation of the mom-vec of the daughters [N]
2. Projecting into the transverse plane.
3. 2nd projection in to the transverse plane?
4. Minimisation at the end
 

Hierarchy:

&



   Q. Separate operations: when and how ?

M N , M NT , M NV , M N0 , M TN , M VN , M 0N ,
M NT τ :27 (3 for N × 3 typesof T × 3 typesof τ)

● (Partitioning & Summing) over visible momentums : 

When and Which way – N = 1, 2, … ?

● Projecting into transverse plane : Y/N

If Y: When and Which way – T, V, o ?

● Second Projection : Y/N

If Y: Which way – T, V, o ?

● Minimization at the end.



   How existing variables fit into



Some more recent works 
M2 variables, utility and topology  

                            Cho,Gainer,Kim,Matchev,Moortgat,Pape,Park '14

Analogue to M
T2

 : 

Based on different subsystem and 

using additional constraints from equality of “mother”, “Relative”

variables like M
2xx

 , M
2cx

 , M
2xc

 ,M
2cc

 are created 

Minimization over all components of “q”

Sharper end point and test on topology informations. 



Some more recent works 
 Dark Matter stabilization symmetry & Counting DM particles       
                   Agashe etal, '12, '13; Giudice,Gripaios,Mahbubani '12

Peak of “visible” energy distribution, M
T 
 and M

T2
 distribution.

Significance Variables                          Nachmana, Lester '13

Includes the event by event resolution of kinematic variable 

Used to improve the analysis using M
T
 and M

T2
 as discrimination variable

Apology that I could not add many more interesting works. 



Summary
● Exciting time to cross-check the effectiveness new techniques

with large amount LHC data.

● Compelling evidence for cold dark matter – turn for collider to
find one.

● Motivates new model building : WIMP –  our best bet.

● Mass (and spin) measurement one important step with
signatures of new physics (and SM).

● Ideas and techniques developing fast for more generalised but
precise measurements. CMS and ATLAS working closely to
implement some of these ideas. 

● Stay tuned with latest tricks in studying missing energy events.
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