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Why do we need to measure the spin?
Why is it so difficult to measure the spin?

What is wrong with the previous proposals?

— Spin measurements
— Coupling measurements
— Mixing angle measurements

Why do you need to read our paper?
How should you read our paper?

What does our paper actually say?

— Analytical approach to measurements of spins and couplings
— No backgrounds (SM and combinatorial), no simulation

— Study on the kinematics of signal

— Present the basic idea of methods

Examples (SPS1a and top in leptonic decay)

Mass measurements (using mr, )

Summary and discussion



Is measurement of spins and masses important ?

e IPMU Workshop on Masses and Spins - 16-20 March 2009,
"Determination of Masses and Spins of New Particles at the LHC"

e Similar workshop will be held at UC Davis (with MC4BSM) 2009

e Many papers - - -



Why do we need to measure the spin?

SUSY UED Little Higgs
w
= n=3
E
n=2
ne=1
SM n=0
® spins differy by 1/2 smae as SM same as SM

e higher levels no yes no



Why is it so difficult to measure the spin?

e How do we measure mass?
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Why is it so difficult to measure the spin?

e How do we measure mass? e \We cannot measure spin the same way!
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Why is it so difficult to measure the spin?

e Missing energy signatures arise from something like:

o [o /o /a

e Several alternative explanations:

S | Spins D C B A Example

1 | SFSF Scalar Fermion Scalar Fermion q — )2(2) — L — )2(1)
2 FSFS | Fermion Scalar Fermion Scalar q1 — Ly — b1 — vH
3 | FSFV | Fermion Scalar Fermion Vector q1 — g — b1 — 7
4 | FVES | Fermion Vector Fermion Scalar q1 — 41 — b1 — yg
5 | FVFV | Fermion Vector Fermion Vector g1 — 41— b1 — 7
6 | SFVF Scalar Fermion Vector Fermion —




Why is it so difficult to measure the spin?
e Inevitable dependence on other parameters:

q lh, Cy
A

D C B //

cr,Pr,+crPr brPr, +bpPr arpPr +apPp

2 2 2
r = ¢ — " ., _"MA
—mi YTz T

laR] bR IcR]

tan g = |aL| tan ¢y, = W tan e = |CL|

e Any observable that knows about spins, also knows about
— Masses (ma, mp, mgc, mp)

— Couplings and mixing angles (g, and gr) : gr.r = U};g%’RUB
— Particle-antiparticle (D /D) fraction f (f + f = 1)
e What is it that you are really measuring?

AN 2 2 )
<dm2) =SS KP(f, @ar b, ) FE (2 2,y, 2)
S

p I=1 J=1




Most likely chronology
Measure the SM backgrounds (rediscover SM)

Find a missing energy signal

Convince yourself it is a real signal

Measure the cross-section (times BR)
Measure the overall mass scale

Observe structures, measure individual masses
Measure spins?

Then perhaps also measure

— Chirality of the couplings (L versus R)
— Mixing angles
— Particle-antiparticle fraction



What is wrong with the previous spin methods ?

Most previous studies compared two models A and B, which have

Different spins

— ldentical mass spectrum (OK)
— ldentical couplings and mixing angles (not OK)
— ldentical particle-antiparticle fraction f (not OK)

If you can see a difference, you have measured the spins

Not so fast! Problems:

— It's the wrong chronological order
— It's not a pure spin measurement



What is wrong with the previous spin methods ?

e \We cannot measure the fermion helicity
e Previous work considered only certain helicity combinations (shown in blue)

e We consider all possibilities (both blue and red)
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What is the question that we ask?

e Given the data, which of the 6 spin configurations gives a good fit
for some choice of the unknown parameters

e \We only assume that we know things that would be measured at the
time:

— Mass spectrum

e We allow all remaining unknown parameters to float

— Chirality of the couplings
— Superpartner mixing angles
— Particle-antiparticle fraction



What is wrong with the previous methods for
measuring the chirality of SUSY couplings?



What is wrong with the previous methods for
measuring the chirality of SUSY couplings?

o What methods for measuring chirality ?



What is wrong with the previous methods for
measuring the mixing angles of superpartners?



What is wrong with the previous methods for
measuring the mixing angles of superpartners?

o What methods for measuring mixing angles?

e Our method allows to measure not only the
spins, but also some combinations of the
coupling chiralities and the mixing angles of
the new particles



Why do you need to read our paper?
It is correct.

You won't need to read the previous literature.
Our proposed distributions will be studied anyway.
You will learn a clever trick

Referee says: The authors have presented a valuable analytic
exploration of the spin dependence of the well-studied invariant mass
distributions expected in SUSY, UED, and other models. Their
approach is completely model independent, unlike all other spin
studies to my knowledge, and therefore is far more important than
all other spin studies to date. Therefore | recommend publication.
These distributions will be used anyway by experimentalists, and their
spin properties should be understood and utilized. The creation of
new distributions with easily understood properties from the usual
invariant masses is quite clever.



How should you read our paper?

e Most common complaint: | would love to read your paper, but it's
67 pages! Come on, do you really expect me to read all that stuff?
Who has time for that?



How should you read our paper?

e Most common complaint: | would love to read your paper, but it's
67 pages! Come on, do you really expect me to read all that stuff?
Who has time for that?

e Good news: you don't have to read all of it.

e Reading guide:

— Sec. I: Intro (10 pages, no formulas)

— Skip Secs. Il and Il (16 pages, lots of formulas)

— Sec. IV: The method. (6 pages, 3 basic formulas)

— Sec. V: Examples. (15 pages, only plots, no formulas)

— Skip Sec VI: Conclusions. Do not even look at Appendix A, B or

C.



What does our paper actually say?

no simulation

no background

— no SM backgrounds
— no combinatorial backgrounds
(this depends on the decay of the other side)
— will include ambiguity between ¢ and ¢, and ¢,, and /;

Assume all masses are known

Present analytical approach to measurement of spins, coupling and
mixing angles



Spin determination

cross section (spin of mother particle + branching fractions)

azimuthal angle between production and decay planes (spin of
intermediate particle)

production angle (spin of mother particle)
threshold scan (spin of mother particle)

asymmetry (exploits shape of invariant mass distributions)



Spin determination - production cross-section

e G. Kane et al: “Basically, if the mass and the production cross-section are measured,
the spin is then determined” (arXiv:0805.1397)

1000

100 |

[ERN
o

[ERN

Cross Section (pb)

500 600 700 800 900 1000
g (9, 09s) nmass (GeV)




Spin determination - production cross-section

e Are we really measuring the production cross-section?
Rate = L [a(XX) L o(XY)BR(YY — X) + o(YY)BRX(Y — X)} BR*(X — SM)

e How can we be sure that

— There is no contribution from indirect production of particle Y?
— Think of W pair production from top quarks
— The branching fraction B(X — SM) is 100 %?

e Even if we were able to measure

— It depends on the mass of X (OK, it will be measured)

— It depends on the mass of heavy t-channel paticles (?)

— It depends on the coupling of X to gluons (?)

— It depends on the coupling of X to quarks (?)

— It depends on the representation (Number of colors) of X (7)
— It depends on the spin of X (Yes! That's what we want)

e Conclusion: it is very unlikely that by measuring a single number (such as a cross-
section) we will be able to determine the spin. We have to look at distributions.



What is a good distribution to look at?

Invariant mass distributions!
Advantages: well studied, know about spin.

For adjacent SM particles

dN

2 4
ao Faom” +agm + - - -
dm?

Plot versus m?!

For an intermediate BSM particle of spin s, the highest order term is m?s

For non-adjacent BSM particles, there are log terms as well.

Disadvantage: know about many other things (hidden in the coefficients a), not all
of which are measured!

— Masses ma, mp, me, mp (x,y,2)

— Couplings and mixing angles (g, and gr)

— Particle-antiparticle (D/D*) fraction (f/f*) (f+f*=1)



Model-independent approach

e Most general parameterization of the couplings

q ‘. (
D/C /B /A

CLPL+CRPR bLPL+bRPR aLPL+aRPR

ﬁ(F, f,(I)) = \IJF(QLPL—l—gRPR)\I/f(I)—Fh.C.
,C(F, f, AN) — \IJF’}/M(QLPL + gRPR)\IJfA,uJ + h.c.

e Each vertex has 4 real parameters, |ar|, |ar|, 2 phases
— The phases are unobservable
— The product |ar| - |ar| absorbed in the normalization
— The ratios |ag|/|ar| defined as new parameters

C
tangoczﬂ.

lcL]

|ag] bR
tan p, = —— |, tan g = ——,
lar| b1



Helicity combinations

We cannot measure the fermion helicity

Previous work considered only certain helicity combinations
We also consider all remaining possibilities

Each block gives rise to a specific function ]:éz;}J

The functions Fs.r; provide a model independent basis for the spin analysis

<dm2> ZZK}%)(f’ @a,gob,wc)fézj}J(m;;a:,y,z) 3
p

=1 J=1
e The index p denotes one of the five possible SM particle pairs: p =

{50,507, TE G€t, 10" }; my, is the unit-normalised invariant mass

R My R
my = ; 0<m, <1,
mma,m - -
p

i.e. the invariant mass m, scaled by the value of the corresponding kinematic
endpoint m"**, which has already been measured from the corresponding m,,
distribution.

e K does not depend on masses and spins, only depends on couplings and f/f.
e F does not depend on couplings and f/f, only depends on masses and spins.



Classification of helicity combinations

Processes P

Processes Pio
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Invariant masses in the { épi,]:ép%,fgp%, (p)} basis

e New basis

FO = {FD - F+ FD - FO,)
FO = D+ FD, - FO - )
FE = AFD -, - F - F)
FG o= {F e F D F D F DY

e Normalization

/ ]:épgé(m z,y,z)dm’ =0, / ]:(p) (m z,y,z)dm’ =0,
0
/ .7-—( (m z,y,z)dm” =0, / ]:épg(m z,y,z)dim’ =1 .

e Observable distributions: g™, €=, ¢7¢~, gt ¢~



The method

e Observable distributions

t—a2
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e F functions are known in particular cascade decay (g€ in this case).



® «, (3 and -y are theory parameters and these can be obtained by fitting experimental
distributions with JF functions.

e For gll, they are

a(Yp, Pa) = COS2ppcos2p, ,
B(Pes pp) = c€os2p.cos 2y = (f — f)cos2¢p.cos2¢py ,
V(Pa, Pe) = cos2p,cos2@. = (f — f)cos2p, cos ¢, ,

e The parameters «, 3 and -~ are not completely independent from each other.
For any given «, the physically allowed region in the (3, ) parameter space is
described by an envelope which satisfies

af <, By < a, ya < (3, ifa >0,8>0andvy >0,
aB > v, By < a, yaa > 3, iftaa>0,8<0and v <O,
alB > v, By > a, ya < (3, if o <0,8>0and vy <0,
aB <~, By > o, yaa > 3, ita<0,8<0and~y>0.

e Couplings (mixing angles) are defined in terms of fitted values



1
cos2¢p, = :I:E\/aﬂ :

1
cos2p, = E—\apbvy,
Y

1 1

cos2p., = =L = — \/afBvy,
f— ]«
where in all three equations one should take either the “+" or the “—" sign on the

right-hand side.

The origin of this two-fold ambiguity is easy to understand. Observe that the
defining equations (1-1) for «, B and ~ are invariant under the simultaneous
transformations

T T T

Soa_>§_90aa SOb—>§—90b, ‘Pc_>§_9067

whose effect is precisely to flip the signs in the right-hand sides of definitions of
parameters. Given the defining relation, this transformations are equivalent to the
chirality exchange.

lar| < |ar|, |bL| < |br|, |cr| < |cr|.



e Measurement of couplings (mixing angles)

1
jag] = 45—(1i:%\/aﬁv)2,

V2
1
1 1 2
br] = E<1i;\/aﬁ7> ,

1
lcr] = i<1Z|Z ! —l\/aﬁ’7>

V2

e Measurement of f/f

O§f§%<1— @) or

f—Ffa

LHC (pp)

anti — LHC (pp) 0

1 1
|GR|=E<1:FE\/0¢@Y> ,
NS SO >

2 1 1 1
,|CR|:E<1:F]£_J;E\/045’Y>
E(L%fﬁ)éfﬁl
2 s



Does this really make any difference?

e Yes! Dilepton invariant mass distribution. Data from SPS1a.

Athanasiou, Lester, Smillie, Webber 06 Burns, Kong, Matchev, Park 08
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e Spins vary e Mass spectrum fixed to SPS1a values

e Everything else fixed to SPS1a values e Everything else varies
e Easy to distinguish! e Difficult to distinguish!



Athanasiou, Lest

0.4

0.3

0.2

0.1

Yes! Yesl!
spectrum.

Does this really make any difference?

—— SFSF

Jph .
et g
- -
-
70.1 "

-0.2

-0.3

—0.4

e
0 s
g
o
#
.

er, Smillie, Webber 06

0.2

0.4

e Spins vary
e Everything else fixed to SPS1a values
e Easy to distinguish!

~2
4l

0.6

0.8

Lepton charge (Barr) asymmetry.

dN/dm3s — dN/dm}-

Data: “UED” with SPS1a mass

Burns, Kong, Matchev, Park 08

10—

o
o
—

T T T T

T T T T

T T T T

(e)

0.0 freemmrrrmmmmreemeee e s W LITITIIT T O S

5 , =—0.08, y=NA

: FSFS, =NA,  y=NA

- FSFV, B=NA,  y=NA
—0sT FVFS, B=—0.4, 7=—0.02 ]

- FVFV, B=—0.4, 7=—0.4

I SFVF, f=0.49, 7=-0.05 |
1ol [ RN S

0.0 0.2 04 0.6 0.8 1.0

3

e Mass spectrum fixed to SPS1a values
e Everything else varies
e Difficult to distinguish!



The twin spin scenario 1: FSFS/FSFV

e F functions (for any p € {¢4, j¢,, j€s}) for FSFS and FSFV are related.

1 — 2z
=
1+ 2z
= A=
A = .
() _ ()
'7:3p5 — ]:2p5
® [ he relation
1 — 2z
Oy = (¢
SR T

is sufficient to guarantee that all invariant mass distributions (L+_, ST~ and



D™ 7) are exactly the same in the case of S = 2 (FSFS) and S = 3 (FSFV):

_ (. 1 — 2z _

L; (m§£;$,y,z,a31+22> — L;_ (mgﬁxay,%a:’)) ’
(. 1 — 2z _

S;_ (mie;x7'yazaa31+2z> = S;_ (m?e;x,y,z,a;;) ,
D;__ (m‘?ﬁ;x7y7z7627’72> — D;__ (m5g3$7y727ﬁ3,’73>

e Our conclusion therefore is that the issue of confusing the two models FSFS and
FSFV depends on whether the data comes from FSFV and we are trying to fit it
with FSFS, or whether the data comes from FSFS and we are trying to fit it with
FSFV. In the former case the two models will always be confused with each other,
while in the latter case, the confusion arises only if cs happens to satisfy

1 — 2z
1+ 2z

laa| < ‘




The twin spin scenario 2: FVFS/FVFV

e F functions (for any p € {¢¢, j¢,,j€;}) for FVFS and FVFV are related.

1 — 2z
= Fpiz2
R -

1 — 2z

(p) __ (p)
f5;’)’ o f43’)’ 1422 ?
(») _ (p)
'7:5p5 — ]:4p5
e Redefine parameters:
1 — 2z
oy = o :
! "1+ 22
/34 — 55 ’
1 — 2z
Y4 = 75

1+ 2z



which would once again guarantee that all invariant mass distributions are exactly

the same in these two cases:

+-— A2

L4 (mgga r,Y, <, x5
+— ~ 2

S4 (mjg,a:,y,z,a5

+— ~ 2
D4 (mjgax7y7Z7557’)/5

1 — 2z
1+ 2z

1 — 2z
1+ 2z

1 — 2z
1+ 2z

)
)
)

— gt (2
- S5 (mj£7x7y7zaa5> )

— A 2
— D;_ (mjg;x7yazaﬁ57’75>

e Following the same logic as before, we conclude that whenever the data comes
from FVFV, the model will always be confused with FVFS. However, if the data
comes from FVFS, the confusion arises only if ay and ~y4 happen to satisfy

| v

|’Y4|

<

<

1 — 22z
1+ 2z
1 — 2z
1+ 2z

In addition to these two equations, the values of ay, B4 and 74 must also satisfy

the domain constraints.



Spin determination at the Tevatron

e At a pp collider such as the Tevatron, the symmetry of the initial state implies

___1
f=F=3

e On the surface, it may appear that this constraint eliminates only one out of the
four model-dependent degrees of freedom (f, w., ws and @.) that we originally
started with. However, the constraint cos 2¢p = (f — f) cos 2¢ in fact completely
fixes the . parameter

. T
Pec = 4
and as a result both 3 and - vanish identically:
f=~v=0.
e In that case we have
D‘g_ =0

e A similar result holds for the lepton charge asymmetry

A;f_EO.



Determination of spins and couplings: examples

e For the SPS1a mass spectrum we take the values used in literatures
ma = 96 GeV, mp =143 GeV, m¢g =177 GeV, mp = 537 GeV ,
which translate into

r =0.109, y=0.653, 2z =0.451.

e SPSla is characterised by the following approximate values for the coupling
constants

CLL:O, CLR::[, bL:O7 bR:17 CL:17 CR:O,
and particle-antiparticle fractions f and f at the LHC

f=0.7, f=0.3.



e The spectrum results in the following kinematic endpoints.

my, " = mD\/x(l —y)(1 —2) =77.31 GeV,
my, = mD\/(l —xz)(1 —y) = 298.77 GeV ,
mﬁ;‘m = mD\/(l —xz)(1 — z) = 375.76 GeV ,
m = mpy/(1—2)(1 - yz) = 425.94 GeV .

e Since we assume that the spectrum has been measured, the values of these
endpoints are also known in advance of the spin measurement. We are therefore
still allowed to write the measured invariant mass distributions in terms of the
dimensionless invariant masses.

e Substituting the SPS1a parameter choice into the definitions of angles yields the
following values of our model-dependent parameters o, 3 and ~y

a=1, pg=-04, ~=-04.

e Fitting procedure

1 2
Xz(a7 67 ’Y) = / (fo(’ﬁ’l?, ), 507 ’70) _ f(m27 a, 57 7)) Cl’ﬁ’L2,
0



SFSF example (5 = 1)

2
1

dN/drn

1 = 1,
[ 2.810 m2 < 0.632
. mje _— .
st— = { 1.228 0.632 < 2£ < 0.653
—2.880 log mfg 0.653 < m2£,
—0.668 + 2.002 m E "rhjg < 0.632
Df— — ! _0035 0.632 < 2£ < 0.653
B .2 .2 3
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~2
1

dN/d

FSFS example (S = 2)
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dN/dmj+ + dN/d
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FSFV example (S = 3)
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FVFS example (S = 4)

_ 2
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FVFV example (S = 5)
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SFVF example (S = 6)
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Determination of spins and couplings: SPS1a

Data Can this data be fitted by model

from SFSF | FSFS | FSFV | FVES | FVFV | SFVF
SFSF yes no no no no no
FSFS no yes maybe no no no
FSFV no yes yes no no no
FVES no no no yes maybe no
FVFV no no no yes yes no
SFVF no no no no no yes

Summary of the results from our spin discrimination analysis

The two cases labelled “maybe” correspond to the potential confusion of an FSFS
(FVES) chain with an FSFV (FVFV) chain, which occurs only for a certain range
of the model-dependent parameters.

The reverse may also be true, depending on the mass spectrum

How does simulation change conclusion of these tables 7



Measurements of couplings and mixing angles

dN

dm?

— fS;é‘l_aFS;a +5f5;6 +’YFS;’Y

e Available measurements of the model-dependent parameters «, 8 and -y for each
of the six spin configurations

Spin Parameters measured from distribution
chain || L™= | ST~ | DY~ | LT" @ ST @ D"
SFSF — — I6] 3

FSFS o o — o

FSFV o o — o

FVES o Q B,y a, B,

FVFV o o B, a, 3,y

SFVF o o B,y a, B,

e Good news for parameter fitters! Typically each distribution requires a 1-parameter
fit (at worst, 2-parameter fit).



FVFS, FVFV and SFVF (three measurements)

If we have correctly determined the spin chain, these values will be simply the
starting SPS1a inputs. Substituting those in correct spin scenario, we obtain the
two sets of solutions

lar] = 0, lag| =1, |br] =0, [br| =1,
. 1+ 0.2 cxl 1 0.2
c = — , |CR| = 4= — :
b 2 Tof_1 """ 2 2f —1
and
lar] = 1, lag| =0, |br] =1, |br| =0,

- 1 0.2 enl L
C — -_ 3 C p— J— ,
. 2 of —1 """ 2 2f —1

Constrainton f: 0.7 < f <1
FVFS (S=4) fakes FVFV (5=5): our fitting procedure found

a =005 B=-04, ~=—0.02



e Corresponding solutions are

|CLL| — 069, |aR| — 072, |bL| — 0, |bR| — 1,
. 1 n 0.2 el 1 0.2
C = — , |C = - — ,
b 2 Tof_1 """ 2 2f —1
or
|CLL| = 072, |aR| = 069, |bL| = 1, |bR| = O,

- 1 0.2 eal 1 02
c = — — , lerl = 4/ = :
b 2 of—1 """ 2 2f —1

e For the “wrong” spin chain we also obtain a constraint on the allowed range of the
particle-antiparticle fraction f at the LHC:

0.7< f<1.



SFSF and FSFS/FSFV
SFSF: only 3 is measured
cos 2¢p cos2p. = —0.4 or (2f — 1) cos2¢pp cos2p. = —0.4 .

All four parameters ., ©p, @ and f remains completely unknown.

FSFS and FSFV: o parameter (which gives us a relation between ¢, and ¢y) is
measured
a = cos 2, cos2p, = 1.

larl|, |agr|, |br| and |bgr|, up to the usual L <= R ambiguity:

T
SOa:SOb:E — |CLL|=O, |CLR|=]., |bL|:O, |bR|=1,

or
QOGZQOb:O =4 |CLL|=1, |CLR|=O, |bL|:1, |bR|=O.

In either case, |cr|, |cr| and f will remain unconstrained.



Are twin scenarios really identical ?

e What about m, distribution 7

e Require two identical cascade decays and apply kinematic constraints.
In principle we know all the momenta of particles including two

missing particles. What about invariant distributions involving a
missing particle?

e What about other distributions such as p7 and 7 of visible particles ?



Application to the SM top

R e L D

1.25

o

o

<
T
1

0.00-"'|"""""""'-
0.0 0.2 0.4 0.6 0.8 1.0
~2
My,

SM predicts -2~ = 0.91 - 2.347n° — 3.28m"
b
non-zero m* confirms W= is a vector boson (confirms FVF spin chain)

The values of coefficients give cos 2¢.p cos 20w, = 1, v.e., tWb and WAy
have the same chiral structure (either left-handed or right-handed)

There are two independent measurements from the shape
One constraint from the my, end point
Can we really measure all three masses ? (Yes, can be done analytically)



How to measure masses
Resonance - no missing particles
Transverse mass - a missing particle is balanced by visible particles
One side of cascades - invariant masses and kinematic endpoints

Two identical cascades

— Kinematic constraints
— mr, - measures mass difference only



What if there are two missing particles?: mps

(Barr, Lester, Stephens, hep-ph/0304226, “m(T2): The Truth behind the glamour”)

(Lester, Summers, hep-ph/9906349)

q1

o v =1+ ¢» = — (p1 + p2)

e If g1 and ¢> are obtainable,

m% > ma:c{m?p (ﬁla Cfl) , My (ﬁ% ‘TQ) }

e But /7 = ¢1 + @> — the best we can say is that

2 2 _
m; > My =

min

o1 tdo=Er

[max {m2(p1, 1), m3(p=, 672)}}



What if there are two missing particles?: mps
(Barr, Lester, Stephens, hep-ph/0304226, “m(T2): The Truth behind the glamour”)

(Lester, Summers, hep-ph/9906349)

3 100 |~ % 240 [
O = (@] L
< - = -
> i £220 |
= 50 8200 F
~ L o =
o B 5180 |
° 60 -
o - 160 |
= = 140 |
240 |- -
5 i 120 —
20 L 100 E
i 80
O7\\\\‘H\\‘\\H‘\\\\‘\\\\‘\\\‘H\\‘\\H‘\\\\‘\\\\ 60 :\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
100 110 120 130 140 150 160 170 180 190 200 0 25 50 75 100 125 150 175 200
M, (GeV) m, (GeV)
2 2 _ . 2 /> o 2 /> = 2
m; > mp, = min [max {m%(p1, q1), m (D2, q2)}] > mg
q1+do=Hp 1

® Rely on momentum scan — can be reduced to one dimensional parameter scan
— can not get analytic differential distribution

e Have to assume meo — correlation between my and M0
1 1



The Cambridge mp> Variable Demystified

(Kong, Matchev, 2006)

2 _ : [ 2 (> = 2 (= }
m = min max {m—-(pPi1,q1), M—-(P2, q2
re = min [max {mi (P, 4), mi (e @)

Constraint: m?p(ﬁl, q1) = m?p(ﬁ% q2)

7 o — /@ +m? =/ +m* = |pi| — [P2] >0

® massless case (m = 0): WW production, ™m0 << my;

20 =p1 —p2=¢q2— q1
2CEET

A
_ C ..
e—a — >
—c I —a

q2

a C

—

e Solution: ¢ = —ps and g5 = —p1

e Warning: @7 and ¢> are NOT neutrino momenta



The Cambridge mp, Variable Demystified

(Kong, Matchev, 2006)

e Applications:
— Mass correlation even if there are two missing particles:
W and slepton pair production
— Can be used for background rejection

1000 T

500 |—

ppoW W sete v v,
L=10 b~

dN/dmq, (1/bin)
= )] 8
(o] o o

||| T | TTTT

[9)]
||||

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
mq, (GeV)



Recent progress on mr,

unpublished, 2006 by Kong, Matchev

arXiv:0708.1028 by Lester, Barr

arXiv:0709.0288 by Cho, Choi, Kim, Park

arXiv:0709.2740 by Gripaios

arXiv:0711.4008 by Barr, Gripaios, Lester

arXiv:0711.4526 by Cho, Choi, Kim, Park

arXiv:0808.1094 by M. Nojiri, K. Sakurai, Y. Shimizu, M. Takeuchi
arXiv:0810.4853, Cho, Choi, Kim, Park

arXiv:0810.5178, Cheng, Han

arXiv:0810.5576, by Burns, Kong, Matchev, Park



Subsystem ms

(Burns, Kong, Matchev, Park, arXiv:0810.5576)
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n, ,C
® mgmp )

e # of parameters - # of measurements

— Endpoint method : 2(n + 1) — 2"
— Polynomial method : 9 —3n — n+1—2(n — 2)N,,
— mra method : 1(n+ 1)(6 — 2n — n?)



Burns, Kong, Matchev, Park, arXiv:0810.5576
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e mrpo method: the only method that can give analytic solution to masses
e 4 constraints (naive counting) are not independent

e kink structure gives more constraints



Kink in subsystem m-
(Burns, Kong, Matchev, Park, arXiv:0810.5576)
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Kink in m{b%

e Slepton production with ISR

(Barr, Gripaios, Lester, arXiv:0711.4008) (Burns, Kong, Matchev, Park, arXiv:0810.5576)
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(2,2,0) (2,1,0)

Kink In Mg and Moo

(Burns, Kong, Matchev, Park, arXiv:0810.5576)
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Summary and discussion

e LHC will find new physics (new particles) if it exists at TeV scale
e The next question is to measure the properties of new particles: masses, spins and
couplings
e A model-independent way of measuring spins and couplings (mixing angles)
— Make plots versus m?
— Spins can be measured from invariant mass distributions in a general and
model-independent way
— A side benefit of the method is the measurement of the couplings and mixing
angles encoded in the parameters «, 3 and ~y
— CMS/ATLAS should measure o, 8 and -y and let the theorists figure out what
are the underlying values of the model parameters that correspond to those
e Questions

— Generalize to (longer, other?) decay chains? Other application ?
— Backgrounds and detector simulations ? Are the twin scenarios really identical ?
— Can we really measure all masses ?
e Generalization of mr, in the case of long cascade decay
— Complete mass determination using mp2 only
— Analytic solution makes mr, computation faster
— Application to mr,,_ and better understanding of the kink structure



