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New physics searches at the LHC

Two possible scenarios for new physics searches at the LHC

® A new layer of TeV new physics, excesses in many different
channels.

® Good discovery potential.

® Complicated signal, challenging to interpret.

® New physics is difficult to discover.

® In particular, hadronic final states.
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Before we start

® This is a huge subject.

® Focus more on intuitive understanding, generic
feature, less on specifics.

® Only a (small) subset.

® Focus on methodology, rather than specific models.

Hopefully, this serves as the starting point of
your further study.

Many good references, such as
Tao Han, TASI lecture, hep-ph/0508097
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proton

Partons:

gluon

valence: u, d

“sea”: gbar, s sbar, c, cbar, b, bbar

binding energy ~ GeV
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Most of the time
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low energy fragments: E ~ GeV
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High energy collision rare
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Kinematics

parton momenta

‘

P, =(F1,0,0,FE1), P, =(F5,0,0,—F3) S =Eclder — p 4 B,

Vs =/(p1 + p2)? = EP¥1 — |\ /21258
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Rapidity

Define rapidity

1, E+p,
y = —=In
2 B —p,

p" = (Ercoshy, ppsin ¢, pypcos ¢, Ersinhy), Ep= \/p% + m?

Under boost along z-direction

, 1 E'+p. 1. (1—050)(E+p.)
y = =In == —1In =Y — Yo
2 FE —p. 2 (14 06y)(E—p.)
L ¢ _4a
dy dy’

In the massless limit : pseudo-rapidity

11 1 + cos @ lcote
— —1In = In — =
J 2 1 —-cosf 2 g
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Coordinate System
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Parton Distribution Function (PDF)

/}f\
/
z
} / 77
& '/
LR WV pr =P - Partons can be gluon,
Z///ﬁf\ | [ .| or different flavors of quarks,
L | labelled by a, b...
I/ B
S |
/
,/
\'k( parton distribution function fa(x):

probability of finding parton a with momentum fraction x

® f.(x) can not be computed.
® However, we can measure them using certain processes.

® They are universal! Can be used everywhere!
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Prediction for hadron collisions

a-+b— ...

o= ; / dzldngf\

“Hard scattering”
Short distance
Partonic cross section

PDF long distance
Calculable

Universal

Factorization!

Intuitively, make sense:
short distance physics should not “know” about long distance physics.

In practice, very difficult to prove.

However, it is used anyway (otherwise we cannot calculate anything).
And, it works very well.
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A useful representation

P = (F,0,0,F), P =(F00-F) p1 =x1P1, p2 =22l

Define Parton center of mass rapidity: ¥ e! = 11
X2
E
We can verify  coshY = (1 4\_/22) = boost of parton c.o.m frame
S
d*c(a,b— --+)
. . ’ — . 3 : b— ...
Starting with dz1ds ; fa(z1) fo(z2)0(a )
Using Jacobian: o3, Y] _ s
O|r1, T2 L1L2

We obtain:

d2o(a,b — - -
ds dY

) LS anfulen) wafilea) o o)
a,b
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Parton Distribution Function
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Parton Distribution Function

10%
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101

gluon splitting
main “source” for quark PDF

gluon dominated
q=gbar < gluon
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Parton Distribution Function
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Production.

® Schematics of production at hadron colliders.

® Dominated by parton densities and thresholds (mass
and cut).

X 9 x phase-space

matrix
elements

Threshold

a+b
d? b — ... 1
b )zgggxlfam) rafy(w2) 6ab— )

N\

Partonic cross section
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Another parameterization, parton luminosity

® [he cross section can be written as

dLqp

o

dT

PL.

104 -

10 -

0.01 -

10—5 -

10—]1 -

| | |
0.05 0.10 0.50

|
1.00

TeV, log scale

parton Iuminosity

T =

— T1X2

Very sharp falling

1
7-3_3.5

X

Falls by a factor of 10 for
every 600 GeV

= Production dominantly on threshold
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|4 TeV
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/ TeV vs 14 TeV

P.L[7-TeV

PL[14-TeV]

0.50 |-

qq, 7TeV

0.30 -

gg, 7TeV

0.20 -

0.15 -

0.001 001 0.1 1 \ s —hat

V5 (TeV)  For 7TeV. PL shuts off at around TeV,
For 14 TeV, around 2 TeV.

Reach scales roughly with Ecm (same x).
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Why is it hard to discover TeV-scale new
physics at the LHC

® p p collider,"prefers” to produce lighter states.
1

® Production rates scale roughly as opp—n ~ 775

® TeV new physics Myp ~ 5 — 10 X Msyw z.t,...)

® oy > 10° X onp
® Dominated by QCD: A messy environment.

® Need:

® Precise knowledge of the SM processes.

® Anticipation of potential new physics states and their
properties.
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Phase space

® General phase space factor:

dgpf 1 A
n — 2 2 E (4) o
dll ”f (/ ( )3 ) (2’7‘() ) (pa —|—pb E pf)

® One additional final state particle

1

672

~ an additional factor of

® For example
... variables C {0,1}
11

dlly = — 1 2)\1/2(1 m3/5,m3/3)d... — |
7

1
(47)°

v
dll3 = AY2(1,m2 /m2q, m2/m25)2|p51 |[dEAd...

20
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Rate also depends on

® Coupling constants

® More final state particles, higher power of coupling
constants.

® QCD process dominates over weak processes.

® Singularities (enhancements) of matrix elements
® Resonances.

® Collinear and soft regime...

21
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Understanding the rates

103

10%
101

o(pp~X) [mb]

Tevatron

LHC

ag(tot)

a(bb)
pr>30 GeV

VV—>h (12({ GeV)

-9 | )
New physics | 10~ 100

Example: considering ttbar vs W™ W,
The relevant factors are:
top is twice as heavy as W (2 times higher threshold)

K2 VS Olw?

10
Eem

(TeV)

ttbar is gg dominated, WW is qqgbar.

22

10°

N =

34 -2
10" ecm © sec

Events/sec [for L
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Being produced does not mean
we can see them!

23




Final state Objects

® Colored particles: cluster of hardonic energy, jet
® | eptons:electron, muon

® Photon

® Heavy flavor: bottom (charm)

® Missing energy (MET)
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Modern detector (cartoon)

beam

hadronic calorimeter

E-CAL

tracking
(in B field )

pipe ”

?

vertex detector

25

|

muon chambers
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ldentifying particles

Tracking Electromagnetic Hadron Muon
chammber  calorimeter calorimeter  chamber

et
M3 fg_{

] —<

Innermost Layer.., =i . Outermost Layer

26
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From SM processes

o QCD:quark,gluon —— jets
® QCD heavy flavor:b, c.
e Z2. 7 —(qq, ¢T4~, vi) — jets, lepton pair, Kt

* W: W= - (¢¢, Fv) — jets, lepton+ Er

® Jop: ¢t —b (Wech’ orgu)

® Tau lepton: narrow jet(s), lepton.

27
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SM Rates at /7 TeV:

e QCD di-jet: ph > 100 GeV, 300 nb
e Heavy flavor: bb, p- > 100 GeV, 1 nb
o WH+...: W+ — ¢y, 14 nb

Wi(ﬁ lv) +1 jet, p% > 100 GeV, 70 pb
one lepton + jets + MET 4 . ]
W=(— tv) + 2 jet, p > 100 GeV, 2 pb
Wi(e (v) + 1 jet, p]f > 200 GeV, 5 pb
o /Z+ ... Z(— £¢7), 1.4 nb

diepron +jess 7 (— (T47) 41 jet, ph > 100 GeV , 10 pb

New Physics: ~ pb

28
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SM rates at /7 TeV

® di-boson: WHW~ :30 pb di-lepton + MET,~ 1.2 pb

WHTW™ + 1 jet, pl. > 100 GeV, 2 pb
di-lepton+jet+MET ~ 0.1 pb

W+tZ: 7pb, W-Z: 3.7 pb
tri-lepton + MET ~ 0.1 pb

® top pair: |60 pb! Always has 6 objects.

tt — bbWTW ™~ — bbjjlv, bblvly,bbjjjj
® (MET+leptontet 40%, Heavy flavor...)

® [ooks like new physics, pair production of a massive
particle followed by a decay cascade.

29
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Two possible ways of discovery:

. f?nal state . rate e5stimate ® Rate: ﬁnal states Wlth
begin with > 2 hard jets 10° Hz .
in addition ] more energetlc
hard jet 10< Hz .

or Bp > 102 GeV ~ 102 Hz (hard) objects, for

or 1 lepton 102 Hz .

or 2 lepton 1 Hz example°
or 20 = et 4 p* 10™% Hz (> 3 jets)+ Er

(> 2 jets) + (> )+ Er

SM Resonance

® Special kinematical
features, resonances,
edges, ...

SM
y edge

30
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Resonance

number of events
(\®) (\) (S}
() N ()
o (@») o
\ \ \

[a—

)

-
\

pp— 70 = eTe

§ = mge = (De, ‘|‘pez)2

Invariant mass (Lorentz inv.)

el e o D

0 T 120
m(ee) (GeV)

do 'y My
dm?, dpzp — (m?, — Mz)? + Tz M7

/

From matrix element: Breit-Wigner

31
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New resonance, Z’, search

> 1 05 T T T T T | ?

S .o CMS Preliminary, Vs = 8 TeV _[ Ldt=4.11o" ]

= 10 =
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1077
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Almost a resonance:

® What if we don’t observe all the final state particles. For
example, consider pp — W — fv

® Cannot form an interesting Lorentz invariant variable.

® At least can look for something invariant under boost
along z-direction, e.g., transverse component of k|

A k1 : charged lepton

vk

neutrino

recall § = miy,

33

1 "
ki = nginZ 0

6 in parton c.o.m frame

d B d dcosf
dk%T d cos 6 dk%T

dcosé_ g | 4]@%T —1/2
dk%T B

AN

S

m
k17 distribution singular at W

Jacobian peak
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Transverse mass.

Define
mas = (Evr + Eor)? — (ki1 + kor)? < m73y, Eip = kip +m?

Without additional radiation

mr
k17| = |kor| = F1r = Eop = -
We have
d?& FWmW 1 1
x
dmiydmz. — (miy — my)? + Imy my, \/m2, — m2

Due to the missing neutrino, mi2 is not observable, must integrate over it.
However, transverse mass distribution has a singularity at mw!

In reality, there is always some additional radiation, and W will have some
transverse momentum.This, together with the W width, tends to smear out
and correct the shape of the distribution a little bit.

34
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Measuring the VW mass

-1

CDF Run Il Preliminary, 72pb Mass of the W Boson

~ 3000
(3) " _ [ Measurement : M,, [MeV]
; ] e 37584 W — e v Candidates [
~ ' [JW-—evMC Z DI | ° 80478 = 83
~ 1 D QCD I
.lUE) 2000- D W — tv MC B DJ-Il o) '—E'._‘ 80402 = 43
g _ Ziy' —eeMC : CDF-Il 2w 8- 80387 + 19
w 1500/ i DA-II  @smw) + 80369 = 26
| Tevatron Run-0/l/ll  -@- 80387 = 16
1000] LEP-2 —e— 80376 = 33
_ World Average -9 80385 = 15
500- i
0-2'0 40 60 80 100 120 146 v
M. (GeV/ 2) 80200 80400 80600
eV/c
T M,y [MeV] March 2012
35
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W’ search
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y &= Diboson oC ;
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N 4 06 Qch (- i Theoretical Cross Section for W', 1 = 0.05 TeV |
e - F
C (@) = ]

@ 10° = wev B 102k N SR CMS preliminary
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3 1 :_,‘ .................................................................................................... _.:
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Complicated New physics
signals

Partners:

New physics states with similar interactions to
those of the Standard Model particles,

such as the superpartners in Supersymmetry.

37
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TeV Supersymmetry (SUSY)
® Supersymmetry. |boson) < |fermion)

® An extension of spacetime symmetry.

® New states: “Partners’

spin spin

oluon, ¢ 1 gluino: ¢ 1/2

W+, 7 1 gaugino: W+, 7 1/2
quark: ¢ 1/2 squark: ¢ 0
QM (super)partner

® Couplings relate to SM interactions via supersymmetry.

® ~ same strength.

® Mass of superpartners ~ TeV.

Review: S. Martin “A Supersemmtrig Primer”, hep-ph/9709356
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Interactions.

More details: for example, S. Martin “Supersymmmetry Primer”
— Superpartners have the same gauge quantum

numbers as their SM counter parts.

> Similar gauge interactions.
Gu, W, Z,

//é\ AN ,éx\
q q

N\

q ¢ 4

G, G
non-Abelian E Méhﬁi A
G G g g

39
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Interactions.

— SUSY= additional couplings

> strength fixed by corresponding gauge couplings.

SU(3)color SU(2)L U(l)y

q I G, ¢, H,, H,
L7€L7H7Hd I u

Y

|

W ‘WL) €L7 ITIUA ]:jd W, E, E’u, ﬁd
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Interactions.

— SM fermions (such as the top quark) receive
masses by coupling to the Higgs boson.

> Yukawa couplings = SUSY counter parts.

HO 70 0
U : Hu Hu
\ 4  / Y
|
tL/v/\v\tR b _y - \v\tR tL/V/ ~w.'R
TN 7T 0 7 170% 0> 4 170%
tr, ~ / tz Hu N y Hu Hu N / Hu
F . A\ /4 A\ /4 A\ /4
-terms: X X X
/7 N VEEERN VEERN
th Al A\ fR I?L Y A\ L:z th Y A\ ER
’ N ’ N

41
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Examples of production: colored

* Squark and gluino production.

~GGGGGG
(/)
666666<
&
“GGGGGa (

0Q
0Q

0Q¢
Q¢

02

() q

42
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Examples of production

- Squark pair

TOOTOOOR - — = = -— -1
i
i g
i ~ q/

T - — - = 4 e

43
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Production.

SUSY production rates at 7 TeV

10000

1000

100

[E—
@)

1
1
T\

Production rate (pb)
<

DOk

0.001

00001 L 1+ | .

gluino pair

squark pair (1,2 gen)
squark+gluino

chagino neutralino (all)
slepton pair

at 1 fb~1

== 1000 signal events

== 10 signal events.

100

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Mg sy (GEV)

1500

Dominated by the production of colored states.
Similar pattern for other scenarios. Overall rates scaled by spin factors.

44
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SUSY at colliders

P DM candidate

ightest superpartner (LSP)
utral and stable.

partners: 4, 4, W, Z, f

— long decay chain.
— Jets, leptons, missing E7 ...
— Nice signal, good discovery potential.

45
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Decay of squark and gluino

* Gluino always decays into squark (on or off-shell).

J q
I 3@ L

* To gluino, then go through off-shell squark.

— Glunino -> squark + Jets

e Squark decay.

— Jet +

* To chargino or neutralino.

46
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Next steps

e To W or Z (maybe Higgs.)

* Lepton (suppressed by W/Z-> lepton BR.)
— 1 or 2 leptons.

e Jets (softer, constrained by W and Z mass).

47
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Simple rules.

* Typically, there are many channels through which a
superpartner can decay.

e 2 body mode (almost) always dominate over 3-body
mode.
» A factor 1/100 suppression from phase space.

* Charge channel often bigger than the neutral
channels.

* Higgsino prefers 3@ generation.
* Wino prefers left-handed.

e Typically, only one or two modes dominates.
— Signature easier to understand.

Exercise:
Choose a SUSY spectrum, such as one of the so called SNOWMASS Points and Slopes (SPS)
benchmarks, http://arxiv.org/abs/hep-ph/0202233

Use a spectrum and coupling calculator such as SUSPECT, SoftSUSY, or just PYTHIA...
Understand the output.

48
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http://arxiv.org/abs/hep-ph/0202233
http://arxiv.org/abs/hep-ph/0202233

Long decay chains

e Putting the pieces together.

e Many channels, many final states.
AN

q ¢/ I q
) / / / // / / Z,I/ 2-lepton chain
Y q N, N g i V
— /T > —-— ——»—Jw— s — —>C—] N; > ~

- N

/. v

q q ¢ y . .
// /_‘ v // 0% 1-lepton chain
g q C g i ¢ N

>
>
~

q1l
g1l
q1
41l
q1l

el

— q192No

— q192[N;] = q142[Z]1Ng — 41929394 No
— ¢162[Ci] — q192[W1Ng — q162¢394Ng
— q192[N;] — q192[Z1Ng — q12¢7 ¢~ No
— q192[Ni] — 1929392 (¢T¢) Ny

1

=y

QR R R R

=y

st
U

Exercise: draw diagrams for tri-lepton, same sign di-lepton

49
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Typical variables I: counts.

* |nclusive counts. Useful for signal >> backrgound.

n; x jet b-jet
non-b-jet
_|_
ng ¥ lepton ¢ all flavor and charge
combo: e.q. 2f —21 comb.
_|_
Ay X 1)

50
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Kinematical features: transverse variables.

 Multiple hard objects.
* NO resonance.

* Transverse variables made of several energetic
objects. Mefr HT

Mess = FEr+pr1+pr2+pr3+prra

7 LHC Point 5
L T

10 ET T T T I TT T T T TS 10"!—_r—~--+---—-—+—-—7——- T "—'—"—";;:;;
of ] | |
0 — - 104 ‘] * ALPGEN (Z—VV)+4
= = S
S of 8 | | Yaw
8 10 QE— = 2 : L .“*.
S = 8 9 ] *
g g OF | ® '., Be careful.
¥ |
£10 = — = ﬁ [ ~
= = = - — o
7] - ’ . ¥ 10°F :
S f y 7 % Q T = e &."
S0 = ' = 5 | = ey,
W7 7 e < 7 IR
ot [N : dd @  ax
10 E_ P ’/}/,//,//C,;/‘ = _E E_ Ia | "‘
_ISE :r///;} .///.//_/ ll-z ////1}:_ i - : | : ITBNL'5$64I 1 *‘!l i L]
L LA |’|,|-'rzi [ .f:i’ b | o
% 1000 2000 3000 4000 0 1000 2000 3000 4000
M,; (GeV) M., (GeV)

5| Gianotti and Mangano, 2005

Monday, September 10, 12



Another example: Xt

momenta labelled so that P17 = poT

_..-» missing particles, total momentum D3

/ ! \< piT + par + p3r =0
q p2

Define: a1 = ]% mr = \/(plT + par)? — (P17 + D2r)?
T
: pPiT
Define pr fractions x; = , x; <1 and r; = 2
27;:1,3 pir i;:s

Lo

1
5\/1—333

We obtain T =

QT can be either <|/2 (more often),or > 1/2

For a nice review, see Michael Peskin, “Razor and Scissors”

52
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Another example: Xt

® In comparison, consider QCD di-jet, with one of the jet
(say p21 ) energy miss measured.

D > < g T = 1\/X <1
Por = —Ap1iT, A1 T 5 S 5
8 - T | T T T T | T T T T | T T T T | T T T T | T T T T
S, o CMS 2 Jets
o110’ B
S F det=35pb NS=7TeV
5105'5_ Data
T S\ Standard Model
10°L —— QCD Multijet
= — {t, W, Z + Jets
- —— LMO
100 4 | e
10?
10
1
107
0

Many additional transverse variables: M1, , Razor, ....

53
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Kinematical variables: invariant masses

* Most useful: di-lepton edges and endpoints.
(Mentioned earlier in neutralino decay).

— Clean.

* |nvariant mass distribution also carry spin
information. Probably needs high statistics.

For a review: See LW and I. Yavin, 2008

* More complicated invariant masses in longer decay
chains possibly useful, but feature is less sharp. May
need high statistics as well.

For example, see Miller and Osland. A set of papers.

54
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Special case: off-shell Z

* 3-body. End-point in di-lepton invariant mass.
— Same flavor di-lepton.

— Combinatorials can be suppressed with flavor subtraction.

60000 [— —

40000 [— — Z

Events/2 GeV/10 fb’
gz

0 |_IIJJ__IIJJ_||I|4||—
0 20 40 60 80
M(e*e’) or M(u'n’) GeV
Mg — My <mz— Ny — Ny+ "+~ Only 3-body
my = (pj+ + p;-) — end-point at Mg — My
55
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More leptons if we are lucky

* Alot of leptons. No branching ratio suppression.

* On shell slepton, very distinctive feature.

— Edge in di-lepton invariant mass. =

sww———————————7——————T——7——

444444

((((((

AL T el E N el B el W e R R
100 150 200 250

/ e
‘Nv. : B ~ ~
' E 6* L
( ) Nj

mp< Mg, — Na— N+ - N1+ 7 afe

2 12
’m,? $ 1 _ J\[j\,rl

2 2
AINQ ms

smax —N\ -~

* More complicated edges useful, but need high

statistics.

See several papers by: Miller, Osland.
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Topology: model independent approach

N , W,Z — 0+, jets...
p, T, ...,— Jets
p > W,Z, ¢
p >
Er
partners: g, q, W, Z, Z

partners:
Same gauge interactions as the g, ¢, W, Z, /...
SM particles giE, gBE KK ZRK KK

Similar signatures.

http://indico.cern.ch/conferenceOtherViews.py?view=standard&confld=94910
http:// www.lhcnewphysics.org/web/Overview.html
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http://indico.cern.ch/conferenceOtherViews.py?view=standard&confId=94910
http://indico.cern.ch/conferenceOtherViews.py?view=standard&confId=94910
http://www.lhcnewphysics.org/web/Overview.html
http://www.lhcnewphysics.org/web/Overview.html

Signals can be challenging to understand.

® After the discovery, we can derive some basic
properties, such as whether the new particles are

colored or not, whether they decay to leptons, and so
on.

® Many possible interpretations.

A A

° * \ < TN
le o ° LHC data
Model space | | o |

@
/_‘: P g

Degeneracies! Quantum number, mass, spin...

For example: in supersymmetry, bino vs wino, squark vs gluino...
Arkani-Hamed, Kane, Thaler, and Wang, JHEP 0608:070,2006.

Hard work, but we will be able to figure it out.
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Possible degeneracies in:

® The identity of new physics particles. For example:
Two different SUSY spectra.

- . 4 g,--
4, 9, -

) ' B

1%
>< |dentity swap, hard to distinguish
W

Arkani-Hamed, Kane, Thaler, and Wang, |HEP 0608:070,2006

3

® Spin.
e SUSY: 1/2 spin difference from the SM particle.

® Extra-dimension: same spin.

For a review: Wang and Yavin, Int.]. Mod. Phys.A 23,4647 (2008)
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A promising, and complicated, scenario.

i, d, ...
> TeV t, b
g
~ 100s GeV N

p p — §g — tttt(or ttbb, ttth ...)
The Dominant channel
G—tt(bb)+ N, or th+C~ t— bl

® Multiple b, multiple lepton final state.

® Good early discovery potential.

® Challenging to interpret: top reconstruction difficult.

A new method of fitting branching ratio to various final states
Acharya, Grajek, Kane, Kuflik, Suruliz,Wang, arXiv:0901.3367
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An example of a challenging
measurement: spin

or distinguishing SUSY with others.
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Spin of new resonances

o A i 1 = Y2+ ¢

.7 y1dWs Praby + yrdbs Priby

® Eample spin of fermion.

® |n the rest frame of the fermion.

® Define angle 0 of the decay product w.r.t. the

polarization axis of ) .

® Coupling could be chiral if y. # yr
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Fermion spin

M| 2 An Example
AN - 2 YR =0
- . black: Y| right-handed,
~ - ' red: Y1 left-handed
Linear in cosf
~
~
0.5] ~ - W1 not polized, no correlation, no spin information
~
-1 0.5 0.5 1 Cos¢

® Go to the rest frame.
® Coupling chiral.

® ) polarized.
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P (cosH) P (cosoO)
05— \ 1
/ ~ y
7 0.4 A \ 0.8
/ \ /
/ 0.3 \ \ 0.6 y
\
/ 0.2 \ 0.4 /
/ \
/ 0.1 \ \ . 0.2 y
/ \ | -
-1 -0.5 0.5 1 coso 1 0.5 05 1 coso
/
/ — @1 + Q2
transverse — wl ‘|_ ¢2 transverse ¢ ¢
/
/ . . %
longitudinal — % - ¢2 longitudinal ¢1 + ¢2

IM|? o cos 67

In general: | M|* oc - - - + cos §*/metrer
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Example of spin measurement

1 2
A A

Y

1 and 2 are observable particles, ¢, ¢, W=....
We are interested in the spin of X (on-shell).

We choose to use

tio = (p1+p2)?

In general, can not reconstruct the rest frame of X
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Consider the rest frame of X

T /2 t12 o< (1 — cos 6)?
/
¢ A Direction of Y and 1 can be chosen to define the polarization of X
Lo For X with spin Jx
|
X ¥
. dr
2 S = a b b T
. A 12
 d |
Y

In principle, fitting the degree of this polynomial tells the the spin of X.
In practice, whether the coefficient a, b, ... are non-zero depends on the
chirality of the coupling between X and |, 2, Z,Y, and the mass

differences between them.

Interpreting the results correctly depending on our understanding the
spectrum and couplings.
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Example: SUSY vs spin-1 partner

Decay through charged partners ¥+, W/*. ..

q q

{“‘ N 1 “M

. 0 W
g
?r
Oth£~—|-... octge—l—...
q—q—C chiral Mg >> My
g boosted W' boosted
C — U — ¢ chiral

Usually there are more leptons in the decay chain.

Near/far lepton has to be separated.
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Spin measurements. Supersymmetry?

..'. .......... Example: spin of N

\) 1/ Fr Clean exclusive sample

Boost (kinematics) vs matrix element (spin)

Side? / p p
Ve — Consider mgy
/
SN\
Y q

Combinatorics

— No universally applicable method. Different
strategies will be used in different scenarios.
A review: LTW and Yavin, arXiv:0802.2726
— More information of the signal, masses and

underlying processes, is crucial.
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