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The game

+ more terms...?

40 M / second over 10 years



At some point, 5000 people will shout:

[long pause]
. SOMETHING!”

A large collider of hadrons ...
... hot a collider of large hadrons




What is that something?
How hard is it to identify what was found?



“mass measurement methods’”

... short for ...

“parameter estimation and
discovery techniques”



Do we care about masses?

® Common Parameters in the Lagrangian
® |nterpretation

® SUSY breaking mechanism, geometry of ED
® Prediction of new things

® Mass of W,Z -> indirect top quark mass
“measurement”

® Masses of W/Z/t -> indirect measurement of the
Higgs mass

® Expedites discovery - optimal selection



pessimism

optimism

Some methods ...(no way to include all)

Missing Mass measurements Spin
momenta measurements
reconstruction? Inclusive 2 symmetric
chains
None Inv. mass endpoints Inv. mass
and boundary lines shapes
Meit Mot Hr Wedgebox
Approximate Smin, M1gen Mo, My, Mae As usual
Mcr, Mry(n,p,c) (MAOS)
Exact ? Polynomial As usual
method
pessimism optimism

>




Types of Technique

Few

assumptions

v

Many

assumptions

Missing transverse momentum
M eff, H T

s Hat Min

M T

M_TGEN

M T2/M CT

M_T2 (with “kinks”)

M T2/M_CT ( parallel / perp )
M T2/ M _CT ( “sub-system”)
“Polynomial” constraints
Multi-event polynomial constraints
Whole dataset variables

Cross section

Max Likelihood / Matrix Element



Types of Technique

Vague .

conclusions .

v

Specific

conclusions

Missing transverse momentum
M eff, H T

s Hat Min

M T

M_TGEN

M T2/M_CT

M_T2 (with “kinks”)

M T2 /M _CT ( parallel / perp )
M T2/M_CT ( “sub-system” )
“Polynomial” constraints
Multi-event polynomial constraints
Whole dataset variables

Cross section

Max Likelihood / Matrix Element



Types of Technigque

Robust

A

Fragile

Missing transverse momentum
M eff H T

s Hat Min

M T

M _TGEN

M T2/M CT

M_T2 (with “kinks”)

M T2/M_CT ( parallel / perp )
M T2/M _CT ( “sub-system” )
“Polynomial” constraints
Multi-event polynomial constraints
Whole dataset variables

Cross section

Max Likelihood / Matrix Element



Interpretation : the balance of benefits

Few Vague Robust

assumptions conclusions

Many Specific Fragile

assumptions conclusions




Topology / hypothesis
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Not all proposed new-physics chains are s
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(more details in arXiv:1004.2732 )




Good vs poor variables

IDEAL

GREAT
WORKABLE

POOR

MASS OF INTEREST






11-dimensional supergravity

Type IIA Eg x Eg heterotic

Type 1IB SO(32) heterotic

Type |



11-dimensional supergravity

Type IIA Eg x Eg heterotic

M-theory

SO(32) heterotic

Type 1IB

Type |



MT

MT?2 Smin

MET Meff, HT

T
MT2perp m

MTGEN



MT

MC
WA

® M-theory at the LHC

MT2 — Smin
® M(ass) theory at the LHC
MET — e M(other) theory ... Meff, HT
T
MT2perp \\\[ m

MTGEN
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11
W. Lamb (1955): The finder of a new elementary particle used to be rewarded
by a Nobel Prize, but such a discovery now ought to be punished by a $10,000 fine”

© Joe McDonald




Outline

Transversification
— how do we project particle momenta?

Agglomeration

— how do we add transverse momenta?
Interpretation

— how do we categorize reconstructed objects?

Generalization

— how do we define the most general mass-bound variables?
Specialization

— how do we recover the existing variables?

— lllustration: dilepton tt-bar and h->WW examples.



Transversification of 3-vectors

« Warm-up exercise: geometrical projection




Transversification of 1+3-vectors

« What to do with the energy (time-like) component?

transverse
plane

beam axis

« Well, isn’t it obvious? Not really: there are at least three
different options for the “transverse” energy: “T”, “V” and “0”.



Summary of transverse projections

Quantity

Transverse projection method

Mass-preserving ‘T’

Speed-preserving ‘V’

Massless ‘o’

Original (4)-momentum

(143)-mass invariant

Pt = (EJﬁT’pZ)
M = \/E? — p7 — p?
pr = (Pzy Dy)

pg = (60725)0)

Transverse momentum

(1+2)-vectors pT = (eT, D7) pY = (ev,pv)
Transverse momentum L Lo Lo
under the projection =R pv =pT Po =PpT
ev = Flsinf| = [pr|/V eo = |pr|

Transverse energy
under the projection

eT = M2—|—ﬁ%

(143) analogue

transverse quantity and its

2
L:%\/l—i—(l—‘/?);’—g

’U\/:V

Transverse mass m2 — 2 ) m2 = o2 _ 52 -
under the projection TTETTPT v =6 TPy ° =
Relationship between mt =M my = M |sin 6| me =0

Vo = 1

All P* with the same

(1+3) 24 (14 2)

Equivalence classes under

All P* with the same
Pz, py a’nd M

All P* with the same
Pz, py and V

Pz and py




A guide to existing computer codes

« Both “T" and “V” projections appear to be used in

the existing computer libraries and codes

Method /function name

Library Object 5 5
eT eT mT mT mr2 ev ey
CLHEP|[36] LorentzVector mt () mt2() - - - et() [et20)
ROOT [37] TLorentzVector Mt () Mt20) - - - Et() |Et20)
Fastjet [61] |Pseudojet mperp() | mperp2() — — - Et() |Et20)
PGS [62] - - - - - — |vaet(p)| -
Oxbridge LorentzVector ET() ET2() |LTV() .mass() |LTV() .masssq(Q) - - -
M3 [38] LorentzTransverseVector | Et() Etsq() mass () masssq () - - -
Mt2_332_Calculator - - - - mT2_332() - -
UCD Mr2 [39]|mt2 Ea, Eb |Easq, Ebsq — — get_mt2() — —




Agglomeration

* Heavy, promptly, semi-invisibly decaying
resonances are reconstructed by agglomerating
their daughter particles

b 0t
t—/ g—l— h — I
\\\V \\‘:.V. V
t— bty h = WHW— = 00 vi

* Transverse quantities are constructed by
transverse projections

« Which should come first: the projection or the
agglomeration? The results are different!



"Early” versus “late” projections

* The order of the operations makes a big
difference for the time-like components

Teo(Te) o per(n)
ee(yr) ez
L

* Qur convention: the order of indices (from left to
right) denotes the order of operations, e.g.

— add first, project later: piyr = (ear, Dar)
— project first, add later: p%, = (e1a, Pra)



Interpretation (of an event)
N “parents”. For each:

- — Visible daughters

 Visilblle duigliisers | — Invisible daughte 'S
Invisible daughters Z; U pstrea m momentu m
Missing pT

5 Ny
Visible daughters Vy _ — —
""""""""""""""" ﬁT — —ur — E PiT
1=1

Parent P

Parent P Visible daughters Vs

Invisible daughters Z5

Parent Py

Invisible daughters Zx

* Notation for particle momenta:
—“P” ("p”) for visible daughters
—"Q" (*q”) for invisible daughters



How to form mass-bound variables

* Goal: find a lower bound on the mass of the
heaviest (next-heaviest, etc.) parent

* There are various possibillities:
— 1 unprojected Mo = /g (Ph + Q) (PY + Q)
— 3 late-projected Mt = \/ Jop (PS7 + A7) (Poy + dop)

— 3 early-projected  Mura = \/gus (03, + a3 (Dh + o)
* Then minimize over the momenta of the invisible

particles: —
My = min |max [/\/la]},
> q@ir=pp L @
Myr = min [ max [MQT]- :
ZcfiT:ﬁT - a -
Mry = min | max [./\/lTa]_ :
> Gir=pr L @ -




The 7 basic mass bound variables

Type of Operations
variables First Second Third Notation
Unprojected Partitioning Minimization — My V
Early partitioned Partitioning T'= T projection | Minimization| Myt \/
(late projected) Partitioning |7 = V projection | Minimization | My
MnT

Partitioning T = o projection |Minimization| Mno+/

Late partitioned T =T projection| Partitioning |Minimization| Mt/

(early projected) |T =V projection Partitioning | Minimization| Myn
Mrn

T = o projection Partitioning |Minimization| Mon vV

« Can you recognize which one is the Cambridge Mt2?



Example: The unprojected Mj

 This is the minimum total invariant mass of the

single-parent subsystem

Visible particles Invisible particles

Invisible 2
Invisible 3

Invisible 1

Invisible 4

Invisible 5

MZ(ML,) = (\/M2 +pir + \/M1 +pT>2

Total visible mass: M| = \/E2 f)%T p%zﬁ

I
Total invisible mass: I, = Z M;.

A(sub)

mzn

Konar, Kong, Matchey, Park 2010



Ap pI icati O n S Of \/gm’m Konar, Kong, Matchev 2008

Konar, Kong, Matchey, Park 2010
* N=1: Single semi-invisibly + N=2: A pair of semi-

decaying particle Invisibly decaying particles

— SM Higgs to tt-bar — direct tt-bar production

— endpoint at the parent mass — peak at the total parent mass
A025II'I -1+~ 1 T T T T 1T
q [ o ] '
5 | peomotEoBBITE oy 500 Gev 10-2 | tT>bB1* 1" 7, (b)
> 0.20 LHC 7 TeVv 3 ] 3 3
O | parton level, no UE | T,\ 7— Er —
& H S 5F PRV
5 0.15[ . . SN K ol 0) E
N \/Emin(o) | =) 3 |
o.10f | ' - § 2— .
n [ o) [
3 a : |
Z 0.05 . T10-3
< 4

0 200 400 600 800 0 200 400 600 800
min(o) Ei (GeV)



Barr, Gripaios, Lester 2009, 201 |
h— WW® — (T~ vp .

e Pseudodata

Events/10fb' /5 GeV

S
70 . — 0.02
. H->WW signal I
60 0 I
WW background i
50 i
-0.02 |

-0.04 - .mT (approx)

-0.06 - m, (true)

1 1 1 1 1 1 1 | ‘ | | | ‘ | | ‘ | | I
140 160 180 200 220 240
m_input/GeV

Barr Gripaios Lester

-1

- Vs=7TeV 101b
-70_| R
130 140

1 I 1 I 1 I 1
150 160 170 180 190 200




ATLAS-CONF-2011-005

Against the 2010 LHC data...

ATLAS Preliminary
—— Data — H>WW (m =170 GeV)

[ W+jets [Jtop

Entries / 10 GeV

10 |l W B Z/y+jets 3

- B \WZ/ZZ/Wy =

i \'s=7TeV _

1 .+ J.Ldt=35pb-1—5

) 170 GeV il
107

Higgs boson




Entries/ 10 GeV

Data / MC

ATLAS-CONF-2011-134

45
40
35
30
25
20
15
10

= ATLAS Preliminary o baa 2 SMssosa)
— A B ww [l WZ/ZZ/Wy —
= Ns=7TeV, [ Ldt=1.70f" 3 [ singeTop E
= H—-WW-=lvlv +0jets [ Z+jets|:| Wijets (datadriven)—:
- + [CJ H[150 GeV] =
;I"I TIIHIHII}HII T T T ]
g 0]

E { ]’ L l [}
__.I...I...I...I...I...I..“I.. I e
60 80 100 120 140 160 180 200 220 240

M. [GeV]

Entries/ 10 GeV

Data/ MC

T T I T T T I T I T
%4 SM (sys @

stat)

ATLAS Preliminary

® Data
) WwW WZ/ZZ/Wy
s=7TeV, | Ldt=1.70fb" 5 i 5 Single Top
H-oWW=lviv + 1 jet B Z+ets[] W+jets (data driven)
[] H[150 GeV]

: | | l 1
- ° I e ¢ l
60 80 100 120 140 160 180 200 220 240

M. [GeV]



History repeats but we learn more
and understand better



M r=2~p7(11)+m*(1l),
T \/pT( ) (1) Han, Zhang 1998,1999

Mc=Np7(1D) +m*(1)+ E;

Vo (M) = {(\/ Elouny = Pooury + \/W>2 - P 72‘<up>}é DT (sub) = (\/ (sub) T sub , Pr (Sub))
{<\/ 2y + PPy +\/m>2p%(up)}é = ( M2‘|’FT7FT> .
{ (\/ (sut) T F(ousy \/m>2 = Priount ﬁT)Q}é Konar, Kong, Matchev, Park, 2008 2010
= |lpr(sun)+ prll,
(mgfue)Q = m%(mz 0) = m + 2(ey|pi| — v - Pi)  Barr, Gripaios, Lester 2009, 201 |
o) = (VW oty W) | B e onan Kong,




Barr, French, Frost, Lester 201 | APPIiCatiOn in nggs to 2 taU'Pair

Parent mas bound
(no intermediate

Including the

intermediate
int) = M1T
- rant .................. constraint (BEST)

0.16
0.14
0.12F
0.1 Frost
0.08F
0.06
0.04
0.02

fraction

m
o
]
= 3
B
T

Not a bound (existing var)

T
-
(]
[
B
[

X

AT RTINS

0 40 60 80 10 140 160 180 200

h — 7T milisgs—bound iy HrH,

Just the visibles (existing var)

m,, {Qi.Qsn}

Dramatic difference to Higgs observability?
H'=P'+Q + P+ Q4

Qllin,u - 07
QSQQM — 07
(Qlf“‘PlH)(Qlu‘i'Plu) - 3—,

m
(Q5 + P)(Qau + Pop) = m2,

QT + o1 = P



Barr, French, Frost, Lester 201 | APP“CatiOn in nggs to 2 taU'Pair

Parent mas bound Including the
(no intermediate ReSU It

:'g . L - 15 fb-1 Barr French Frost Lester
go1a_ [ —m,Boundl True s =7 TeV
0.12~ - --m, True
04 29— _m_ Bound (M_<m,)
0.08 [ m,, Visible
0.06 o[ ---m, Effective
0.04 E
002 451
0 -
y. B )
Just the visible 1:— iI”]flcl;g}lN} HrH,
| B
0.5_ v’ v
N - P
- h—1t 2 + @
o_ | | | | | | | | | | | | | | | | | | | | | | | | | | | | LQl:u - 07
110 115 120 125 130 135 Q2 = 0,
m,/GeV P, = mZ
Wy + 3 )\Wap + Poy) = m2,

@it + Gor = P



The late "T"-projected variable Mnt

The order is: agglomerate, “T"-project, then minimize
over gitr and qiz. First form each parent mass
M?LT(pgTaquvﬁa) = (paT + an)2 = (eaT + éa—l—)2 — (ﬁaT + QaT)Q
Then minimize the largest one:
Myr(M) = _ min max Mo (pgT, it fia)]|
For N=1 the result is
2 ~(sub)

Mz ) = (Mt M) - = S
In general one finds the identity

Myt =My




The early"T"-projected variable M1n

The order is: “T"-project, agglomerate, then minimize
over qit (there is no giz dependence).

Mgl‘a(p%aaqglx_an&a) = (pTa + qTa)2 = (eTa =+ éTa)2 o (ﬁaT + an>2

Then minimize the largest one:

Mry(M) = _min_ [max [Mro(p%,. %, fi)]
ZQiT:ﬁT @

For N=1 the result is

MTl Ml (Z \/M2+ﬁT+\/M1+pT> _UT

For massless visible particles (leptons or jets)

p)
. 9 2 2
A}lirgo M=, (M) = (hT + 4/ Y +%§1) — Uur




The early “"0"-projected variable Mon

min

S GiT=pPr

Ny, Nt
2 .
Ms, = min g €io + g

o
o
—
o

1/N dN/dM; (GeV™!)
o
o
o
[9)]

0.000 ===
0

max [Moq (P2, a5,

a

- pp~h-WIW 1717 Ay
L M,=200 GeV
r LHC 7 TeV

M,y

50 100 150 200

My (GeV)

250

Ny
hr = Z DiT
i—1

Meg = hp —|—pT

300



The late "0"-projected variable Mno

Myo = min {max Mo (Paos qgo)]}

Z q:T :ﬁT a
2 2 201 T T T A B
Mo = o0, [(e“*e“) _“T] PRSWW TR -
Pr - M, =200 GeV '
5 = [ LHC 7 TeV Moy ipom,
5 L. 0.010
= (e + mm [€10] | — uF 8
q T— T o
3
Nz 2 >
o 9 T 0.005 |-
= | eo + mln q;T — Up. >
q T— T >
1=1
T pT T 0 50 100 150 200 250
My (GeV)

- (\%MT‘W’T) U H 1 Mo = 49,
= 2( 7 (Pr +Ur) + P |ﬁT+ﬁT|) - :

300



Which variable is best?

My =Myt 2> MTNn 2> Moy > Mpo

e LA e e 2= —
- ppohoWW o117 By | 1 pp-tt ->bbl™ 17 Ay
- M,=200 GeV M (0)=M;(0)=vsEP)(0) ] LHC 7 TeV ;
1 :1 o
Lo - LHC 7 TeV i o e ] - M. (0)=M,, ¥=0 |
| : | J
0.010 — =O : - y — = (s'l_lb)
% M MTI(O)ﬁMol % 0.0050 F MIT’(O) Ml(o) \/§m1n (0) N
= i = :
< : o = i
~ ; ~ ;
2 5 L |
0.005 - é | 0.0025 | |
E E & ]
— \/§=Mh ] — E..:_:-. ]
_ (a) - )-rrrr !_.":.. _____ :
0.000 R T RO R Lt = ES SOOI NP 0.0000 . ] b et . N . T
0 50 100 150 200 250 300 0 200 400 600 800
My (GeV) Mr (GeV)

« Late (or no) projection gives a better endpoint structure
« Early projection less sensitive to forward hadronic activity



Transversification (twice)

Matchey, Park 2009
* Having projected on the transverse plane, one can

additionally project on the direction of Upstream Pr:

Parent 1 Parent 2  The endpoints of “‘perp”
distributions are stable
P P against Pt variations
B 3 Konar, Kong, Matchev, Park 2009
= = R
_ — —~ —No, % 25 M,=305.3 GeV
?‘5 0.08 - M =275.7 GeV ]
= M.=100 GeV
§o.04 !
Y
7
= o002}
Z
0.00

20 100 110 120 130 140 150
MQTJ_ (GGV) ‘

Pr = —prr — par — Pr



1/N dN/dM; (Gev™?!)

Cambridge Mr2-type variables

0‘03 T T T T T T T T T T T T T T T T ‘ T T T T T v v v v T M M M v T v v v v T v ' v v T v v
[ pp-ott-bblfl A, 1 0.03 |1 pp-tt-bbll Eg '
[| LHC 7 TeV P 1 LHC 7 TeV
0.02 H M2+(0)=M,(0) : : 4 ©
L B N’ 0‘02 I
=
M2(0)=M,, Vs=M, %
N~
I Z
0.01} - T’
) Z 001}
[ ~
| i
| /{ij o
O-OO N el g .-.---..-.-"-1'-':-:. | e 0.00 ]_ — T, S s, __.._,-_-'-- . e
0 50 100 150 200 0 50 100 150 200
My (GeV) My (GeV)

 The “2” in Mt2 referred to the number of invisibles
* The “2" here refers to the number of parents



squark mass [GeV]

m, , (GeV/c?)

‘_ ATLAS L‘"‘—35 pb Ns=7TeV —— Observed 95% C.L. limit

==== Median expected limit

Expected limit +1c
—— CMS a, 35 b

e\ B eroi ATLAS PLB 201 |
T ee2y 3(800)
Coori |
[ |D0ggu<0,211"

" [ CDF g, tanp=5, <0, 2 b
N

.9 (400)

||f||||||||

1000
m, [GeV]

400 600

CMS PAS SUS-11-005

High My, Analysis

CMS Preliminary\'s =7 TeV, L = 1.1 fb’'

2000 TT Igllllll‘!llllll|||||||||||||II_ '%‘ T
! . ATLAS L"-35pb'Ns=7Tev ] (5 400 |-
1750 : : 0 lepton combined exclusion - |_g. |
i | m=—Observed 95% C.L. limit 1 £ -
: l ==== Median expected limit ] -
1500 : : ----------- Expected limit +1c ] 350 ::_ ¥¥¥¥¥¥
P B EP 2 ]
1250 ll / [ Tevatron, Run | - 300
i MSUGRA /]
. . [ ] oo, Runti VIt
1000 -, aepretl 2 7
- 250
750
200
500
250 150
0
0 250 500 750 1000 1250 1500 1750 2000
gluino mass [GeV]
700 CMS Preliminary, \E =7TeV,L=1.11fb"
C T T T T I T T T T |
F o —— MT20bs.limits (NLO) e e & 2 e o
B A MT2 Exp. limits (NLO) S 00 72 7
600— | MT2 Exp.= o (NLO) 8,4, tanp=3,1<0_7]
: tanp =10, A =0, u>0 [ LeP2 7 _
- Yo . LEP2 T N
500/ @9@0(1250)(, v I:I ]
— ) -
B %L\ ‘T{‘, _
400:— 9%00 7(1000)Gev J%A —:
- 0/ -
300 ]
[ G50, i
2001 < e
C §(500)Gev _

0 500 1000 1500 2000

m, (GeV/c?)

0 g - Qcp
= 15 B P B W+jets
ﬂ>9 i B Z+jets
T i B Top

30004000
\/S

min

2000



A common framework

Mass-bound variable

Existing N =1 N =2
variable My (W1,) = Myt (ML) M+1 (ML) Moy Mo M2 (M) = Mot (ML) | Mot (W)
2p,. =2Er ur — 0
Meff M1—>0,uT—>O ur — 0
Vamin (ML) v
\/Emin(Ml) ur — 0
Mrew(Me, M) v v M., M, — 0| M., M, — 0
Mr.z2(My) v v
Mc ww M, — 0
miEte M, —0
mi 7 (Mz) ur — 0 ur — 0
maa (VL) v
mr21 (M) v

All

brevious variables are just specializations to a

specific event topology, massless invisibles or uT=0




Take home lessons

There are different ways to project on the transverse plane

Be mindful of the way in which composite particles are
agglomerated (before or after T)

Always think which of the 61 variables is most suited for the
particular case at hand

The early-agglomerated (late-projected) “transverse”
variables are “secretly” 1+3 dimensional

MnyT(M) = My (V)

The dependence on the unknown masses is only through the
N summed-mass parameters

M, =S 0,

€1,




