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Motivations for new physics at the TeV scale:

o Hierarchy Problem
omly ~ EABy ~ MR = Asu~ 1 TeV
o Dark Matter

Thermal WIMP with Qpwh? ~ % (22u)? ~ 0.1

= mpMm ~ 1 TeV

Many new physics models solving the hierarchy problem while
providing a DM candidate involve a Z,-symmetry under which
the new particles are Z>-odd, while the SM particles are Z,-even:
SUSY with R-parity, UED with KK-parity,
Little Higgs with T-parity, ...

* At colliders, new particles are produced always in pairs.
* Lightest new particle is stable, so a good candidate for WIMP DM.



LHC Signal

Pair-produced new particles (Y + Y) decaying into visible SM
particles (V) plus invisible WIMPs (y):

pp = U+Y+Y = U+ Vip)+xtk)+> Vig)+x(1)

t J

Multi-jets ( + Leptons) + p, Events:
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U = Upstream momenta carried by the visible SM particles not from
the decay of Y + Y, e.g. initial state radiation (ISR).




To identify the underlying theory for these new physics events, it is
crucial to determine the mass and spin of the involved new particles.

If we don’t want to rely on specific-model-dependent matrix elements,
we need to use a kinematic method for mass and spin measurement.

However kinematic method suffers from

* Initial parton momenta in the beam-direction are unknown.
* Each event involves two missing WIMPs.

There are several approaches proposed to overcome these difficulties:

M7, and MAOS momentum provide one of those ways to determine
the mass and/or spin of new particles in missing energy events at
LHC, which can work even when long decay chain is not available.




Kinematic Methods for Mass Measurement

Endpoint Method Hinchliffe et. al.; Allanach et. al.; Gjelstenet. al.;...

Endpoint value of the invariant mass distribution of visible (SM)
decay products depend on the involved new particle masses.
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Long decay chain can be particularly useful as it can provide enough
number of endpoint values to determine all of the involved new
particle masses.

n-step cascade decay:
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* Number of measurable invariant mass distributions: 2" — (n+ 1)
* Number of unknown new particle masses: n + 1.

= For n > 3, there can be enough number of independent endpoint
values to determine (in principle) all of the involved new particle
masses. (cf: discrete ambiguities)



Reconstruct the missing particle momenta with on-shell and other
available constraints.

Symmetric pair of n-step cascade decays:

oo/ v
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* Number of unknowns for N-events: 8N + (n+ 1)
(2N-missing momenta + (n + 1)-unknown masses)
* Number of constraints: [2(n + 1) + 2] N
(mass relations + pr constraints)

= Forn>3and N > (n+ 1)/2(n — 2), on-shell mass relations
and pr constraints can provide more constraints than those necessary
for reconstructing the missing momenta. (cf: discrete ambiguities)



Long decay chain can be particularly useful for the endpoint and mass
relation methods.

On the other hand, there are many new physics models which do not
provide such a long decay chain:

* SUSY models with relatively heavy sfermions:

Focus point scenario, Yukawa-unified SUSY GUT, D-term mediation,
Loop-split SUSY, ...

Dominant decay modes:

NSNS

e Enough number of constraints for mass relation method are
not available.

e Endpoint point method can provide only a partial information
on the new particle spectrum, e.g. mass differences.




MAOS (M7;-Assisted-On-Shell) Reconstruction cno, kc, Kim, Park

Even when enough number of constraints are not available, one can
attempt to (approximately) reconstruct the missing particle momenta
just using the available minimal constraints:

pp = U+Y+Y = U+ Vi) +x(k) + Y Vig) +x()
J e
X k)
~ X
’ \Ftig}MJ

Introduce trial masses my and m,, <true masses: m‘}“e and m‘;(“e ) of

mother particle and WIMP, and impose the minimal constraints:
B=PF=my, (k+P?=(01+0Q)*=mj, kr+lr=p;
(P=Xp, 0=>4)

6 constraints for 8 unknowns (k*, [**), so two-parameter set of
solutions for each event, which can be parameterized by kr-.




Solution of the minimal constraints:

1
e = P (APZ + Py \/A2 — (P2 +P2)(m2 + k%))

1
[ = m <BQz + QO\/B2 — (0> + Q%)(mi + l%))

Pt = "pl = (P, Py, P,), Q" = q'=(00.Qr Q)
A= %(m%—mi—Pz)—i—PT-kT, B = %(m%—mi—Qz)—i—QT-lT
Real-valued solution exists iff
A > (PP +Ph)(ml +k7), B*>(Q*+Q7)(ml +17)
= my = max(Mr (P, my), Mr(Q, 17, my) )
MZ(P,kr,m,) = Transverse mass of ¥ — V(P) + x/(k)
= P2 402 +20/P2 P 2+ IG — 2Pr Ky




For given trial (my, mx) , to have real-valued solution for the largest
possible number of events, choose (event-by-event)
kT — kT%IaOS’ lT — lr%laOS (kT’]TJaOS + lT’Il;laOS — ¢T)
max (MT(P, k7% my), Mp(Q,17%, mx)>
= min | max (M7 (P,Kr, , M7 (0,17, )}
i | max (M1 (P ke, my), Mr (O, Ir,my)

= MT2 (P> Qa léT; mx) Lester and Summers
@ MAOS momenta are real-valued for all events if

my > Mpy*(my) = max_| My (event; mx)}
{events}

€)= my" in the zero width limit.
—> With M7p,, one can select an one-parameter set of trial masses
most favored for the reconstruction of missing particle momenta,

3 3 true true .
which includes (m%"®, m§"°):

(mX7mY) = (vaM?zax(mx))

(See also Cheng and Han)
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75X (my) by itself contains a kinematic information to

determine both mg?‘e and my"®:

. _ true max _ truey\ __ true
Kink at m, = m, =  Mp(my =m) = my

e For the endpoint events with Mz, (m,, = mg?‘e) = my‘e,
the reconstructed MAOS momenta correspond to
the true missing particle momenta:

k2 = k' for endpoint events

MAOS momentum provides a systematic approximation to
the true missing particle momentum as one can reduce

Ak/k = (k" — k") [k with an Mro-cut selecting
near-endpoint events.



Ak R o km.le
- T — TktmeT distribution for §g* — gxgx :
T T

kr = %IZ‘T (f(T +1r = F‘T)
kr = k1 for full events,

kt = ki for the top 10 % of near endpoint events
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Mz-Kink cho, kc, Kim, Park
pp = U+Y+Y = U+ Vip)+xk)+> Vig)+x(1)
Mrs(P,Q.Brimy) = min [ max(My(P, Kk, my), Mr(Qkr,my)) |
kr+lr=p,
(P=Xpi. 0=X4q)
To understand the origin of kink, consider symmetric endpoint events:
=0Q°, Pr=Qr, Mn(my=m*)=my".

— Two parameter, (E7, ur), set of endpoint events whose

Mr>-curves have different slopes at m, = m;“e
2

2 ur

My (my) = =~

2
4—&+¢(<mﬂ+wm Br) 0 - (e

(ET = /P2 +P%, ur = UTM (upstream transverse momentum))
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7X(my) = max | My (event; mx)} has a kink at m, = my".
] {all events} L

Kink can be sharp enough to be visible if

o the invariant mass-square P? can have a wide range of value, which
would be the case when > V(p;) is a multi-particle state.

Cho, KC, Kim, Park
e same for the UTM u7, which would the case when Y is produced
with a large ISR or produced by the decay of heavier particle.

Gripaios; Barr, Gripaios, Lester



UTM Kink: my*:mi* =2:1

P2 =0, |ur|=0, mfe, 2mive M

T2

Invariant Mass Kink: mj*: m{* =6: 1
0< P> < (mive — m,‘;“e)z, 0 < |ur| < my

Mr2
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Invariant Mass Kink for Cascade Decay:

0< P2 < (m§)? — (mf™)2)(1 = (m2)2/ (™)), ur =0

Mr2 Mt
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Application to Mass and Spin Measurement

Real application should suffer from various uncertainties:

Jet momentum resolution, Combinatorics, Backgrounds, ...

Some Remarks:

e To reduce the smearing of endpoint by jet momentum uncertainties,
2
M =P = (3 p) — Mii =23 (pnllpsl - pr- pr)
i>j
e To deal with the combinatorics of {P, Q, u}, one can use

MTGen = mln . MT2 (P, Q: M) Barr, Lester, Stephens
{combinatorics}

e My, and MAOS momentum can be useful also for some SM process:
it — bWTbW— — bltublo, h— WTW— — (Tulp

o Generalization to more general event topology:
“algebraic singularity method” paraiel alk by Tan Woo Kim



Mp>-Kink for Mass Measurement

Example 1: Gluino-Chargino My, for Focus Point Scenario (SPS2):

mg 2780, my & ~mg 230, mo~120 (m,;~ 1500)

Event generation by PYTHIA6.4 at /s = 14 TeV, [ £ = 100 b1,
and detector simulation with PGS4

Select the events with
* n(hard jet) > 4, n(isolated £) =2 (£ = e* or p™T)
* ‘pT‘(ilvj2)j3vj4) > 1007 507 50) 50 GeV
*[By| > max(100,0.2Merr)  (Metr = [B7| + 3 Iprl(i) + 32 [prl(0))
* |lmyg —mg| > 25, ...
Assume these events arise from
g8 = aaxiaes (G = xXiWE = x1y)
and pretend leptons to be invisible, which means X?[ are regarded as
missing particles.



To deal with jet combinatorics, use

Mr1Gen = . min i [MTZ(Pa 0, u):|
{jet combnatorics}

Mr,-kink analysis gives rise to
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Example 2: Gluino-Neutralino My, for Yukawa-unified SUSY GUT:
Altmannshofer, Guadagnoli, Raby, Straub

mg ~ 470, m + ~m
1

. ~ 118, myo~59 (m,;~ few TeV)

Xg X1

Similar analysis for gg — bbx3bbx) (x5 — x%v) and pretend
photons to be invisible, which means X(z) are regarded as missing
particles. paralel talk by Diego Guadagnoli

XeTnat 272176
PO 438.9: 6.0

rg pl -17140281| ' _ F
S Iy p2 -0.2328 0.0585| @ YL T35
o 3 1207+ 28.9 xg F |X?/ndf  05501/9
3 M Baso M 2822163
g | E [|M; 1203:1853
2 sof-|Ms 3301+ 2050 % .
3 :
g wf
3 I g ’
[ [ o
2 L
3 1 F '
€ 1 r /
2 F 7
z E

d i s g

o ] £ Y
BN jasss
£ | 7 K% i
0

0 100 200 300 400 500 600 700 800 900 20 40 60 80 100 120 140 160 180 200
m, [GeV] m, [GeV]

= mp; =456+t15, m_ o =126 + 16.
8 X2



MAOS Momentum and Spin Measurement
Example 1: Drell-Yan pair production of slepton or KK-lepton for
SUSY SPS1a point and its UED equivalent:

dr d dl’
an
dcos by dcos by

Y = slepton or KK-lepton, y = LSP or KK-photon,

of g7 — Z°/y — YY — txlx

cos 0y = Py - Ppeam in the CM frame of Y7,
cos By = Py - Poeam in the CR(rapidity) frame of £/

Fraction of events
Fraction of events

--- UED

cos 0O cos ﬂ"



With MAOS momentum, the mother particle production angle
(cos By) can be reconstructed:

dr’ dr’
S

7 ~ya JMaos
dcos 0, (Barr) d cos 9Y (Cho, KC, Kim, Park)

under appropriate event cut (5 the My;-cut selecting the top 30 %):
(HTY“aOS for m, = 0, my = M75*(0) shows a similar behavior, so the
knowledge of masses is not essential.)
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Example 2: Gluino or KK-gluon 3-body decay for SPS2 point
and its UED equivalent:

V.3

X with k:ue 0F Kyaos

§= (Pq +Pq)2, tmaos = (pq (01‘ pz]) + kmaos)2

Without £}, one may consider the s-distribution dI"/ds to
distinguish gluino from KK-gluon: ¢k, Heinonen, Perelstein

dr
ds




With kg‘a"s, one can use the s-t,,,,¢ distribution (dF / dsdtmaos) :

10"

[GeV?]

2

my,

500
i, (UED) [GeV?]

e
300 400

500
iy, (SUSY) [GeV?]

gluino 3-body decay KK-gluon 3-body decay

Including various uncertainties (jet momentum, combinatorics, SUSY
backgrounds), the s-distribution (dF / ds) for SPS2 can not distinguish
SUSY from UED even with [ £ = 300fb~".

On the other hand, the s-t;,,s distribution (dI‘ / dsdtmaos) can clearly
discriminate SUSY from UED. cpo, kC, Kim, Park



Conclusion

@ My, and MAOS momentum are the collider variables which can
be useful for the mass and/or spin measurement of new particles
in missing energy events at LHC.

* Mpo-kink might be able to determine new particle masses even
when a long cascade decay is not available.

* MAOS momentum provides a systematic approximation to the
missing particle momentum, so might be useful for the
determination of new particle properties, e.g. mass and spin.

@ M7y, and MAOS momentum can be useful also for some SM
process with two missing neutrinos:

* i — bWTbW— — bltubli
*h— WtW— = (tuip



