SUSY and alike
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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 matter at all, but

sometﬁing enu’re@ exotic and unknown

N—— s .




Thermal history of WIMP
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WIMP miracle or coincidence?

« 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.

Observed value for the Dark Matter density

Theoretical Wimp density a




‘ Dark Matter
Cosmology vs Missing particles at Collider |

|

L

<G V> (12
 Crossing: X X production ~ annihilation ~ scattering.

Cosmic Relic Density : Qxhz oC

 SM — Neutrino
 BSM - 'Dark matter' at the laboratory

g P;fiss signature at LHC + DM motivated models:
@ﬁCUﬁ: toﬁdfy reconstruct events CIHC[ extract masseés,

coupﬁ’ngs qf new }oam’c[és.
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Mass measurements : Behind the curtain

* Global approach:

Determine the mass scale
of new physics.

’ SZlﬁ'er NP di’scovery:

Look for specific topology
typically with (long) decay
chain. Isolate them to

extract mass informations.

Invisible Mamentum

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

[l STy

PRL 104, 081601 {2010) PHYSICAL REVIEW LETTERS 2% FEERUARY 000

|Algebraic Singularity Method for Mass Measurements with Missing Energy

lan-Woo Kim
Department af Physics. University of Wisconsin, Madison, Wisconsin 5374, USA
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Mass measurements : recollection

Mass scale of new physics (No trial mass parameters)

* Transverse variables  E,, H,, M,
o Global inclusive variables E, M, M™ S

Tgen’ ™~ min

Specific topology + extract mass informations :

® Invariant mass endpoint boundary line

® Polynomial method

® Transverse mass variables and variants:
MTZ’MCT’MTZ(n’C’p)’MT2<perp)’M2

e Hybrid method

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 ..




P’;iss Events@LHC: pifferent viewpoint
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Event Partitioning

Parent P, Visible daughters V;

Invisible daughters 7;
Visible daughters V-

Invisible daughters 75

Parent Py

Visible daughters Vy

Transverse Projection

Constraint in Z Gor = = iy — B,




Z or h — mass measurements

The “Standard Signafs”:

Higgs production / Higgs decay to photons
\ %2000 ':_ CMS Preliminary —&— S/B Weighted Data
> FE o=_ _ .1 —— S+B Fit
v 81 800 E :g - ;I:& I|:= 2; ::;_1 ------ Bkg Fit Component
1600 K T —
E o +2 O
H H ;

! 1 1 1 ] 1
120 140
m,, (GeV)

M;=M(y,y)=(P |+ )~ (P+7,)

N e = —
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W — mass measurements

¢ “Standard signals”: single Semi-invisible decay

COF |l preliminary j- Lt - 200 pb”

e i :
i ; +
R S
M, = (80493 + 48,,) MeV
v m;_ yiidot = 86 1 48
o 7 B I TR 100
LTCI RLELLY
Transverse Mass (MT) o massless neutrino

M2 = MA(Lv) = (|PH+ ) = (Pt q))

Kinemetic end point over many points




T Ne—

W — mass measurements

e “Standard signafk”: singleSemi-invisible decay

COF |l preliminary j- Lt - 200 pb”

e i :
i ; +
R S
M, = (80493 + 48,,) MeV
v m;_ yiidot = 86 1 48
o 7 B I TR 100
LTCI RLELLY
Transverse Mass (MT) o massless neutrino

M2 = MA(Lv) = (|PH+ ) = (Pt q))

Kinemetic end point over many points




( If there are two invisibles?

* |f we could have measured q's!

p
E;.  For each leg i’ > i(1,v)= (P[4~ (P+q))
v 4TI ﬁ] . B . .
Y qrs M., = max{m;(pr,, 4, ) My (Pry0 412 )}
B Pra  Without having transverse momentum
of each missing one:
MT — MT2 My = My, =_Imﬂﬁ[m{”%(ﬁr1jr1)=ﬁﬁ(ﬁrzﬁrz)}]
gritdra=

* Minimization over all possible 'trial’ g-

momentum.
[ ester, Summers,Barr..
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If there are two of them?

* |f we could measure g's!

p
E;.  For each leg i’ > i(1,v)= (P[4~ (P+q))
v 4TI ﬁ] . B . .
Y qrs M., = max{m;(pr,, 4, ) My (Pry0 412 )}
B Pra  Without having transverse momentum
of each missing one:
MT — MT2 My =M, = mmn [max{m.(p;.qr.). My (Prs.Gr2)}

dr1+drz=Er

W

Over all events) * Minimization over all possible 'trial’ g-

momentum.

[ ester, Summers,Barr..
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In place of 'neutrinos’ something massive!!

ein  ° Take atrial v mass — mi,
v‘?"ﬂ}m - Look for M, (7)) distribution

?—l'
qrs

H ﬁ’n Flnd M’;Zax(n%)

sl FF_}X_I_H”FR = X+ 1y _J'E';I"'j{"ﬁu
aM _
% ok m; = 157.1GeV, Mo = 121 5GeV.
l ?i 10 - TN e r
: My >~ 157 GeV > My

0 _...].;...1.|....|...1.|....|...1|....|...1.|....CL.... with = 121.5 (4 [ >~
100110 120 130 140 150 5&11‘?04?21{;%[) FH."I.? 121 } (:I':'\( > mo
2\70

[ ester, Summers'99




If 'neutrinos' were massive!!

ein  ° Take atrial v mass — mi,

:gn} s Look for Mn(”%) distribution
u Pr. Find M7, (i)

s

pp —}A’+f& .ITR > X+

Role of trial mass
m; = 157.1GeV . Moo= 121 5GeV .

[

220

o
O

Largest M (Gv}§
23 S

=

A

N ~—

M ~ 157 GeV — 1,

sewesrirng, (Withmp = 1210 GeV — m,
E m W

0 Lester,Summers'99




Magic Kink !

* Kink can arise from

*' Composite particle each side
Cho, Choi, Kim, Park '07

» |SR effect

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

LU LI
Moy = 100E G}

e »  Subsystem

Burns, Kong, Matchev, Par.



Second Transversification

* Having projected on the transverse plane, one can

B | o (1 g
additionally project on the direction of Upstream P i - ) ..
2 i fd® Xi/ M X1
T * The endpoints of “perp’ L
— _ distributions are stable e L -
- o : o P i X1 P x
=] ] against P variations ) | [
i % i % Konar Kong KM Park 2009 - -
- - Sx | = 'F“-ﬁ;?: =203 Oe¥ N(ﬂ}ﬂ) = Z H(Mﬂ(ﬂ&c) — Mﬁ‘ﬂf(ﬁc)}
—l— rs ¥ W =270.7 Ga¥ ] all events
E . i,=100 Ge¥
.
3
Py E\ I'
i -
ﬂ- |
e - fize - Py YT m o oem o w1

Mar, [GeV) 15 Y e :a:'u)ﬁ sazlm1r PR T
e

pk,Kong,Matchev,Park'09
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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: M7,
Gator variable: /g

I’HE‘?




| Mass scale measurement

* Depend on both My and M, OR don't!
ME = (Mhl,b,. Z ﬁ) Hy = Ev+ By Er = ;Eﬂ sin Mo = ET > Z Prj

Moy Jets
Oxbridge variant :  mp.,(m,)=M g,

Gator variable S (m,)=02 M)’

. . 2 .

i— ([ oy mne [02 L 22 (2 Ty o)
5= t E +}”.='; My + B ,:' _ ,IL JI'.:I_I_}-.;:=-{1_. s

3 | —_— | ERLfpf
| Find: The minimum value of the Mandelstam variable consisint
with the measured values of the btal enemgy E, total visible momen-
|_., - wm {Px,Py.Pz) and Missing [

/ «-:I ~142 | [ .
"/;Tﬂiﬂ. =5 {—'1‘{1'?'.-,1':] — '\\‘.-" E? - FE + '\\‘.-" F]% + —urg

“Tin 17

pk,Kong,Matchev'08




@ \/;mm = J P? + \/?T + ‘uﬁu PE T(ISR)

+ ti-bar events

— Identity the WW threshold
from the 2 lepton subsystem

1000 T T T T
= WW Ll =bb1717 E,
f; aoa - l M=0 Gev
2 L=05 k!
— m =
i 5 Lok ™
£ L
i IR
: [
£ ol
i | L"‘x
300 400

-

dN/dvE™™ (per 20 GeV bin)

GMSEB SUSY events

— identify the N1N1 threshold from
the 2 photon subsystem

400 | =iell I T T
[ !,I:IL ¥ subaystem, GM1ib
: A=80 TeV, M_ =180 TeV
300 - Hoe= 1, bang=15, u>0-
200
100
o
1] 200 400 ﬂﬂ'.l 800 1000

pk,Kong, Matchev Park'10




a [he peak of V' 5...., locate the thresholds for individual
dominant production sub-process

e GMSB study-point - GM1Db

- EW and strong productions

800 — 55 GM1bh study point —
5 I i
| wTwE., wI¥S l A=80 TeV, Muy,,=180 TeV |
- U . M pe—1, tanf—15, >0 -
_ Edir| 1, S

400 I M=0 -

|-| EE ]H :] V Strae T.=1 fB—*!

dN/dVs,, (per 50 GeV bin)

0
=)
Qo

pk,Kong,Matchev,Park’10




Event Partitioning

Parent P, Visible daughters V;

Invisible daughters 7;
Visible daughters V-

Invisible daughters 75

Parent Py

Visible daughters Vy

Transverse Projection

Constraint in Z Gor = = iy — B,




A Stormina '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

Transverse Projection : Which way?

Mass-preserving " T7 Speed-preserving “v'’ Massless “o™
Hierarchy: ey bet
.ﬂ'[ =MmMT :_} My E My = [] B2 |

&

E>er>ey>e=pr




( Q. Separate operations: when and how ?

« (Partitioning & Summing) over visible momentums :
When and Whichway - N=1,2, ... ?

* Projecting into transverse plane : Y/N
If Y: When and Whichway - T, V,07?

« Second Projection : Y/N
If Y: Whichway —-T,V,0?

* Minimization attheend. > dr =5, =—-ar —> 5z

MN’ MNT’MNV’MNO’ MTN’MVN’MON’
M;.:27(3forN X 3typesof T X 3typesof 1)

N e s e—




How existing variables fit into

Existing N=1 N =2
variable || My(WL) = Mir(¥I)| My (M) Mo Mio || Ma(WL) = Mot (M) [ M7 (V1)
%, =26, ur — 0
Mejf Ny —0ur =0 ur—290
Vomin (M) %
Vamin (V1) ur — 0
mres(Me, M) / J Ma, My — 0| M., M, — 0
My zz(Mz) Vv v
Mc,ww Mi—0
| ma e M — 0
mr2(Ma) V
mra1 (¥a) Vv

PHYSICAL REVIEW D 84, 095031 (2011)
Guide to transverse projections and mass-constraining variables

. A.J. Barr,' T.J. Khoo,” P. Konar,” K. Kong,* C. G. Lester,” K. T. Matchev,” and M. Park’




Some more recent works
w M2 variables, utility and topology

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

P Analogue to MT2 Mﬁ{:ﬁl) = ;_?ﬁ.i-{max [-'!WP1 {'fl:'ﬁt')? JWPz{ﬁvﬁl)]}

qir + @r = Pr
® Based on different subsystem and

L 11

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

variables like M, , M M, . .M, are created

2cx !

(1]

@ Minimization over all components of “q

£ : |
L 5
i 1 : |
A, B, €y
N i
A, B, 6

- __K_i__g.__‘_..-‘- -

| i 1
: :
| i
: P i




Some more recent works

w Dark Matter stabilization symmetry & Counting DM particles
Agashe etal, 12, '13; Giudice,Gripaios,Mahbubani '12

e Peak of “visible” energy distribution, M_ and M_, distribution.
b

X
p . B’ /x p : , B’ / B
= - )

p - B \x P T B \
X
b b

» Significance Variables Nachmana, Lester '13

@ Includes the event by event resolution of kinematic variable

@ Used to improve the analysis using M. and M_, as discrimination variable

» Apology that | 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).

 |deas 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.

N— e e —
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