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Topics in this lecture

Part 1:
Evidence of top quark production
Measurement of top mass

Part 2:
Searches for Supersymmetry
• Full hadronic searches
• Multi-leptonic searches
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Historical outline
1977: Discovery of the Upsilon family at Fermilab

Existence of the bottom (b) quark

Is there a heavier weak isospin partner of the b quark (third quark family)?

After 1990: 
Limits to top mass imposed from global EW fits: mtop=177±20 GeV

Direct searches at Tevatron: mtop>135 GeV

1994-5: Discovery of the top quark at Tevatron
Observed both by CDF and D0 collaborations

First observation: 
• 174±10 GeV with about 19 pb-1 of p-anti(p) data at  √s=1.78 GeV

• Production cross section of about 7 pb
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Discovery of the top quark
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Tevatron accelerator
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74 D . Am i de i e t a l . / Nuc l . Ins t r . and Me th . in Phys . Res. A 350 (1994) 73-130

h i gh t ransverse momen tum phenomena . The de t ec tor , as
or i g i na l l y con f i gured , i s descr i bed i n de t a i l i n a ser i es o f
ar t i c l es pub l i shed i n Nuc l . Ins t r . and Me th . [4] . The add i -
t i on o f the S i l i con Ver t ex De t ec tor descr i bed here i s an
upgrade to the or i g i na l CDF t rack i ng sys t em . The f ea ture
o f the or i g i na l t rack i ng sys t em mos t re l evan t to the des i gn
and opera t i on o f the SVX i s the magne t i c spec t rome t er .
Th i s i s compr i sed o f a 1 . 41 T superconduc t i ng so l eno i d
enc l os i ng a cy l i ndr i ca l dr i f t chamber , ( the CTC [5] ) o f
ou t er rad i us 1 . 32 m . Th i s cen t ra l t rack i ng chamber con-
t a i ns bo th ax i a l and s t ereo w i re l ayers bu t t racks w i th
h i gher reso l u t i on i n the ro ( t ransverse ) p l ane . The per for -
mance o f th i s chamber i n con j unc t i on w i th the SVX i s
descr i bed i n Sec t i on 14 . F i g . 1 shows the overa l l l ayou t o f
the CDF cen t ra l de t ec tors i nc l ud i ng the SVX .

The S i l i con Ver t ex De t ec tor for CDF was des i gned to
opera t e i n the env i ronmen t i mposed by the Ferm i l ab Teva -
t ron Co l l i der [6] . The consequences o f th i s w i l l be d i s-
cussed i n th i s sec t i on where we descr i be the des i gn spec i f i -
ca t i ons o f the dev i ce . Tab l e 1 summar i zes the opera t i ng
parame t ers o f the Teva t ron Co l l i der . F i g . 2 i s a v i ew o f the
SVX , and Tab l e 2 summar i zes i ts f ea tures . The organ i za -
t i on o f th i s sec t i on m i r rors the body o f the paper .

In deve l op i ng th i s new de t ec tor for CDF , a number o f
genera l pr i nc i p l es and spec i f i ca t i ons were fo l l owed . These
l ed to var i ous t echn i ca l t radeo f f s and des i gn cho i ces . These
bas i c i t ems were as fo l l ows:

De t ec tor per formance shou l d ma t ch the requ i remen t s o f
b decay recons t ruc t i on .
The de t ec tor shou l d be ext ended l ong i tud i na l l y to cover
as much o f the Teva t ron l um i nous reg i on as poss i b l e .
The de t ec tor shou l d have su f f i c i en t redundancy and
granu l ar i t y to hand l e comp l ex even t s .
The i nner rad i us shou l d be as sma l l as poss i b l e to ob t a i n
the bes t i mpac t parame t er reso l u t i on .

svx

v T x

CENTRAL HADRON
CALOR IMETER

CTC

F i g . 1 . Overa l l v i ew o f the CDF cen t ra l t rack i ng sys t em .

Tab l e 1
1992-1993 Teva t ron Co l l i der opera t i ng parame t ers

Beam :

 

pro ton-an t i pro ton
Beam Energy :

 

900 GeV / beam
Lum i nos i ty :

 

103° -1031 CM -2 S - I
Bunches / Beam : 6
Bunch Spac i ng :

 

3 . 5 h s
Co l l i s i on Reg i on RMS :

 

30 cm
Beam Spo t :

 

= 40 p m
Beam P i pe :

 

1 . 5 i n . d i ame t er

The mass o f the de t ec tor shou l d be m i n i m i zed to reduce
mu l t i p l e sca t t er i ng and pho ton convers i ons .
The de t ec tor shou l d func t i on w i th the ex i s t i ng CDF
t rack i ng and da t a acqu i s i t i on sys t ems .
Techno l og i ca l cho i ces shou l d be geared towards re l i a -
b i l i t y and no t an excess i ve use o f new or un t es t ed
concep t s .

These pr i nc i p l es l ed to a des i gn wh i ch f avoured redun-
dan t measuremen t s o f t racks i n the r¢ ( t ransverse ) p l ane
over fu l l three d i mens i ona l t rack i ng . Consequen t l y we
op t ed to i ns t a l l four concen t r i c cy l i ndr i ca l l ayers o f s i ng l e
s i ded s i l i con de t ec tors ra ther than u t i l i ze the newer doub l e
s i ded de t ec tor t echno l ogy . In add i t i on we op t ed to concen-
t ra t e e f for t on deve l op i ng readou t and da t a acqu i s i t i on
e l ec t ron i cs wh i ch cou l d e f f i c i en t l y f i l t er ou t emp t y chan-
ne l s as ear l y as poss i b l e . We wan t ed the even t s i ze and
readou t t i me to be de t erm i ned by occupancy ra ther than
channe l coun t .

2 . 1 . Mechan i ca l con f i gura t i on

At the Teva t ron Co l l i der , the pp i n t erac t i on ver t ex i s
Gauss i an l i ke d i s t r i bu t ed a l ong the beam l i ne w i th a , = 30
cm . Consequen t l y a l ong ver t ex de t ec tor i s requ i red to
have any reasonab l e accep t ance . Long s t r i ps can i mpose a
burden on the readou t e l ec t ron i cs due to i ncreased i npu t
capac i t ance and l eakage cur ren t . The SVX ac t i ve reg i on i s
51 cm l ong and cons i s ts o f two i ndependen t cy l i ndr i ca l
modu l es o f equa l l eng th , A gap o f 2 . 15 cm ex i s ts a t the
cen t er o f the de t ec tor . The accep t ance i s = 60% o f the pp
co l l i s i on ver t i ces .

The SVX cons i s ts o f four concen t r i c cy l i ndr i ca l l ayers
(numbered 0-3 i n i ncreas i ng rad i us) . The i nner and ou t er
l ayers are a t rad i i o f 3 . 005 cm and 7 . 866 cm , respec t i ve l y .
The l oca t i on o f the i nner l ayer i s se t by a comb i na t i on o f
the readou t e l ec t ron i cs segmen t a t i on and p i t ch , and the
m i n i mum beamp i pe rad i us accep t ab l e to the acce l era tor
group a t Ferm i l ab .

The amoun t o f ma t er i a l i n the SVX has been m i n i -
m i zed . Th i s i s because the crea t i on o f secondary par t i c l es
and convers i on pa i rs i n SVX w i l l be a source o f back -
ground for a l l CDF de t ec tors and t r i ggers . In add i t i on
mu l t i p l e sca t t er i ng w i l l be the l i m i t i ng f ac tor i n measur i ng
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Schema of the CDF experiment
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Production mechanism
In proton-antiproton collisions pairs of quark anti-quark are produced in the 
gluon-gluon and quark-antiquark channels
For heavy top (>130 GeV) the quark channel dominates
Main production process and consequent decay:
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Top quark decays
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If mtop>85 GeV decays mainly in a real W boson and b-quark jet
Consequent W decays to qq(bar): too much background from jet production
Solution: require at least one leptonic W decay to muons and electrons

Identification of hadronic tau decay also has high background
Event selection: 

One lepton (m or e) with ET>20 GeV and |h|<2.1
Neutrino: missing transverse energy ET(miss)>20 GeV
Require 1 to 4 jets
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Background from W+jets
By requiring W leptonic decays a considerable background channel remains 
W production recoiling against other jets
Example:
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Solution: background processes do not necessarily include b quark jets. 
Identify at least one b or b(bar) quark among the jets
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Particle jets from b-quarks

The transverse momentum of a b-jet from a top decay (~50 GeV) is larger 
than the b-quark mass (~5 GeV)
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momentum of a b-quark jet 
from top decay

A b-quark hadronizes in B-hadrons (mainly B+, B0, Bs, Lb)
Mass ~ 5 GeV, typical lifetime ~ 1.4-1.6 ps

Table 1: Fractions of weakly-decaying b-hadron
species in Z → bb decay and in pp collisions at√

s = 1.8 TeV.

b hadron Fraction at Z [%] Fraction at pp[%] Combined [%]

B+, B0 40.2 ± 0.9 33.2 ± 3.0 40.0 ± 1.2

B0
s 10.5 ± 0.9 12.2 ± 1.4 11.5 ± 1.3

b baryons 9.1 ± 1.5 21.4 ± 6.8 8.5 ± 2.1

the narrow states B1 and B∗
2 , and at CDF also a measurement

of the B∗
2 width [39].

Also the narrow B∗∗
s states, first sighted by OPAL as a

single broad enhancement in the B+K mass spectrum [40],

have now been clearly observed and separately measured at

the Tevatron [41]: M(Bs1) = 5829.4 ± 0.7 MeV/c2 (CDF) and

M(B∗
s2) = 5839.7 ± 0.7 MeV/c2 (CDF), M(B∗

s2) = 5839.6 ±
1.1 ± 0.7 MeV/c2 (D0).

Baryon states containing a b quark are labeled according to

the same scheme used for non-b baryons, with the addition of

a b subscript [22]. For many years, the only well-established b

baryon was the Λ0
b (quark composition udb), with only indirect

evidence for Ξb (dsb) production from LEP [42]. This situation

has changed dramatically in the past few years due to the large

samples being accumulated at the Tevatron. Clear signals of

four strongly–decaying baryon states, Σ+
b , Σ∗+

b (uub), Σ−
b , Σ∗−

b

(ddb) have been obtained by CDF in Λ0
bπ

± final states [43].

The strange bottom baryon Ξ±
b has been observed in the

exclusive mode Ξ±
b → J/ψΞ± by D0 [44], and CDF [45] that

also measured its lifetime individually for the first time (was

previously only known from a mix). The relative production of

Ξb and Λb baryons has been found to be consistent with the

Bs to Bd production ratio [44]. Observation of the doubly–

strange bottom baryon Ω−
b has been published by both D0 [46]

and CDF [47]. The masses measured by the two experiments

show however a large discrepancy that still needs to be resolved.

Apart from this discrepancy, the masses of all these new baryons

have been measured to a precision of a few MeV/c2, and found

to be in agreement with predictions from HQET.

Lifetimes: Precise lifetimes are key in extracting the weak

parameters that are important for understanding the role of the

CKM matrix in CP violation, such as the determination of Vcb

and B0
sB

0
s mixing parameters. In the naive spectator model,

the heavy quark can decay only via the external spectator

mechanism, and thus, the lifetimes of all mesons and baryons

containing b quarks would be equal. Non–spectator effects, such

as the interference between contributing amplitudes, modify

this simple picture and give rise to a lifetime hierarchy for

b-flavored hadrons similar to the one in the charm sector.

However, since the lifetime differences are expected to scale as

1/m2
Q, where mQ is the mass of the heavy quark, the variations

in the b system are expected to be significantly smaller; on the

order of 10% or less [48]. We expect:

τ (B+) ≥ τ (B0) ≈ τ (B0
s) > τ (Λ0

b) % τ (B+
c ) . (1)

In the B+
c , both quarks can decay weakly, resulting in a much

shorter lifetime.

Measurements of the lifetimes of the different b-flavored

hadrons thus provide a means to determine the importance of

non-spectator mechanisms in the b sector. Over the past years,

the precision of silicon vertex detectors and the increasing avail-

ability of fully–reconstructed samples yielded measurements

with much-reduced statistical and systematic uncertainties, at

the 1% level. The averaging of precision results from different

experiments is a complex task that requires careful treatment

of correlated systematic uncertainties; the world averages given

in this mini-review Table 2 have been determined by the Heavy

Flavor Averaging Group (HFAG) [32].

Table 2: Summary of inclusive and exclusive
world-average b-hadron lifetime measurements.
For the two B0

s averages, see text below.

Particle Lifetime [ps]

B+ 1.638 ± 0.011
B0 1.525 ± 0.009
B0

s (flavor-specific) 1.417 ± 0.042
B0

s (1/Γs) 1.472+0.024
−0.026

B+
c 0.453 ± 0.041

Λ0
b 1.391+0.038

−0.037
Ξ−

b 1.56+0.27
−0.25

Ω−
b 1.13+0.53

−0.40

Ξb mixture 1.49+0.19
−0.18

b-baryon mixture 1.345 ± 0.032
b-hadron mixture 1.568 ± 0.009

The short B+
c lifetime is in good agreement with pre-

dictions [49]. For precision comparisons with theory, lifetime

ratios are more sensitive. Experimentally we find:

τB+

τB0
= 1.071 ± 0.009 ,

τB0
s

τB0
= 0.965 ± 0.017 ,

τΛb

τB0
= 0.912 ± 0.025 ,

while theory makes the following predictions [48,50]

τB+

τB0
= 1.06 ± 0.02 ,

τB0
s

τB0
= 1.00 ± 0.01 ,

τΛb

τB0
= 0.88 ± 0.05.

The ratio of B+ to B0 is measured to better than 1%, and is sig-

nificantly different from one, in agreement with predictions [48].

Conversely, the ratio of B0
s to B0 lifetimes is expected to be very

close to one, but exhibits a 2.5σ deviation. The Λb lifetime has

a history of discrepancies. Predictions used to be higher than

data, before the introduction of higher-order effects lowered

them. The recent measurements, from CDF on the exclusive

J/ψΛ mode [51], and from D0 [52] on both semileptonic and

J/ψΛ mode, disagree at the 3σ level. The most recent CDF

measurement [53] appears to improve the agreement with theory

again.
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2 , and at CDF also a measurement
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the 1% level. The averaging of precision results from different
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of correlated systematic uncertainties; the world averages given

in this mini-review Table 2 have been determined by the Heavy

Flavor Averaging Group (HFAG) [32].
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The short B+
c lifetime is in good agreement with pre-

dictions [49]. For precision comparisons with theory, lifetime

ratios are more sensitive. Experimentally we find:

τB+

τB0
= 1.071 ± 0.009 ,
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s
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= 0.965 ± 0.017 ,
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s

τB0
= 1.00 ± 0.01 ,
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The ratio of B+ to B0 is measured to better than 1%, and is sig-

nificantly different from one, in agreement with predictions [48].

Conversely, the ratio of B0
s to B0 lifetimes is expected to be very

close to one, but exhibits a 2.5σ deviation. The Λb lifetime has

a history of discrepancies. Predictions used to be higher than

data, before the introduction of higher-order effects lowered

them. The recent measurements, from CDF on the exclusive

J/ψΛ mode [51], and from D0 [52] on both semileptonic and

J/ψΛ mode, disagree at the 3σ level. The most recent CDF

measurement [53] appears to improve the agreement with theory

again.
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Secondary vertices
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Impact 
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Decay length:
Two-dimensional distance between 
primary and secondary vertex

Decay length for
B hadrons from top decays

Tagging algorithm:
1) Vertex with 3 tracks (loose track requirements)
2) Vertex with 2 tracks (tight track requirements)

Tagging efficiency ~ 42%
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SVX detector
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Micro-strip vertex detector
Four layers of micro-strip sensors
51 cm long with innermost layer at 3 
cm from beam line, outermost at 8 cm
Strip pitch 60 mm
Hit resolution = 13 mm
Impact parameter resolution = 17 mm 
(at high momentum)

122

F i g . 76 . Measured i mpac t parame t er reso l u t i on o f the SVX versus
t rack p , cor rec t ed for f i n i t e beam spo t s i ze , pre - rad i a t i on damage ,

four h i t t racks on l y .

reso l u t i on o f the SVX i n the reg i on o f p , occup i ed by
many o f the t racks f rom B decay and B decay produc t s .
Es t i ma t i ons o f the SVX reso l u t i on a t h i gh p t are d i scussed
fur ther i n Sec t i on 15 . 3 . 3 .

In F i g . 77 we show the i mprovemen t i n the recon-
s t ruc t ed tP mass for decays i n to muons when the SVX i s
i nc l uded i n the t rack f i t .
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F i g . 77 . Compar i son o f mass reso l u t i on for J / + / r decay i ng i n to
muons w i thou t and w i th SVX i n forma t i on used i n the f i t .

15 . A l i gnmen t

15 . 1 . A l i gnmen t us i ng t rack da t a

The op t i ca l survey da t a d i scussed i n Sec t i on 10 . 3 i s
used as a f i rs t es t i ma t e on s i l i con de t ec tor pos i t i ons w i th i n
the SVX. The dev i ce i s rea l i gned i n p l ace us i ng t rack da t a .
G i ven the l arge number o f componen t s i n the SVX , the
process i s rendered t rac t ab l e by decompos i t i on i n to se t o f
s t eps wh i ch i so l a t e the more s i gn i f i can t degrees o f f ree -
dom .

S i nce the SVX t rack i ng i s h i gh l y coup l ed to the CTC
t rack i ng , the a l i gnmen t procedure has a l so to preven t any
poss i b l e CTC sys t ema t i c e f f ec t f rom propaga t i ng s i gn i f i -
can t l y i n to the SVX a l i gnmen t cons t an t s .

The o f f - l i ne a l i gnmen t procedure has been decomposed
i n to a se t o f s t eps . The g l oba l a l i gnmen t cons i s ts o f
a l i gn i ng each bar re l ( t rea t ed as a r i g i d body) to the CTC.
The wedge i n t erna l a l i gnmen t cons i s ts o f a l i gnmen t o f the
i nd i v i dua l l adders ( t rea t ed as r i g i d bod i es w i th i n a wedge ) .
The wedge - to-wedge a l i gnmen t cons i s ts o f the re l a t i ve
a l i gnmen t o f the wedges w i th i n a bar re l . We know tha t the
3 i nd i v i dua l s i l i con crys t a l s w i th i n each l adder are a l i gned
dur i ng cons t ruc t i on to w i th i n 5 tom , and we there fore do
no t a t t emp t to use t racks to cor rec t for poss i b l e m i sa l i gn-
men t i ns i de l adders . The overa l l o f f - l i ne a l i gnmen t process
i s i t era t ed to convergence .

15 . 1 . 1 . G l oba l a l i gnmen t procedure
The me thod re l i es on the f ac t tha t the CTC and any

SVX bar re l shou l d see the beam l i ne a t the same l oca t i on
for a g i ven run . The g l oba l a l i gnmen t i s adequa t e as l ong
as i ts accuracy i s much be t t er than the reso l u t i on o f the
ext rapo l a t ed CTC t rack . The re l a t i ve a l i gnmen t o f the two
bar re l s needs to be done to a prec i s i on se t by the sca l e o f
the SVX reso l u t i on . The g l oba l a l i gnmen t procedure i s the
s t ep where mos t o f the e f f ec t o f poss i b l e CTC sys t ema t i cs
i s concen t ra t ed .

Each SVX bar re l i s t rea t ed as a r i g i d body w i th 6
degrees o f f reedom (or a l i gnmen t parame t ers) , cor respond-
i ng to 3 ro t a t i ons (around the x , y , and z axes) and 3
t rans l a t i ons (a l ong the x , y , and z axes) . On l y 5 o f these
a l i gnmen t parame t ers are re f i ned us i ng t racks s i nce the
SVX prov i des on l y measuremen t s i n the x-y p l ane . For
the l as t a l i gnmen t parame t er , wh i ch i s the z pos i t i on o f the

bar re l , we re l y on the survey measuremen t .
The beam l i ne i s measured tw i ce w i th the same samp l e

o f even t s f rom a common run. F i rs t , good CTC t racks w i th

pr > 1 GeV / c are used to measure the beam l i ne as seen
by the CTC . Then , good CTC t racks tha t have 4 good
SVX h i t s i n the cons i dered bar re l are re f i t t ed i nc l ud i ng the
SVX i n forma t i on and used to measure the beam l i ne as

d i f f erence be tween the two
cor rec t i ons to the x and y
ro t a t i ons o f the bar re l w i th

seen by the SVX bar re l . The
measuremen t s de t erm i nes the
t rans l a t i ons and the x and y
respec t to the CTC .
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Top event at the LHC
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Signal extraction
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Mass measurement
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Ingredients:
Lepton
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• No longitudinal energy 
measurement → 2 solutions
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Fit data to sum of two distributions
W+jets background
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CDF-II track  6.9!     175.3  3.0)! 6.2 !(

CDF-II alljets  2.5!     174.8  1.9)! 1.7 !(

CDF-I alljets 11.5!     186.0  5.7)!10.0 !(

DØ-II lepton+jets *  1.8!     173.7  1.6)! 0.8 !(

CDF-II lepton+jets *  1.2!     173.0  1.1)! 0.7 !(

DØ-I lepton+jets  5.3!     180.1  3.6)! 3.9 !(

CDF-I lepton+jets  7.4!     176.1  5.3)! 5.1 !(
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Mass of the Top Quark
(* preliminary)July 2010
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Summary of Tevatron measurements
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Very precisely known from 
Tevatron measurements 

Relative error ~ 0.6%

3

jet(s). It is demonstrated using Monte Carlo simulation that the proportion of events in which
the jets used for the reconstruction are correctly matched is increased significantly.

In the KINb method, the kinematic equations describing the tt system are solved many times
per event for each lepton-jet combination. Each time, the jet pT, the �ET direction, and the longi-
tudinal momentum of the tt system ptt̄

z are varied independently according to their resolutions
to scan the kinematic phase space compatible with the tt system. The jet pT and �ET-direction
resolutions are obtained from the data; the ptt̄

z description, which is minimally dependent on
mtop, is taken from simulation. Solutions with the lowest invariant mass of the tt̄ system are
accepted if the mass difference between the two top quark masses, ∆(mt − mt̄), is less than
3 GeV/c2. The combination with the largest number of solutions is chosen, and the mass value
mKINb is estimated by a Gaussian fit in a 50 GeV/c2 window around the most probable value.
Events with no solutions do not contribute to the mtop measurement; in simulation, solutions
are found for 98% of signal events and 80% of background events, thereby providing additional
background rejection. The lepton-jet pair is correctly assigned in 75% of the cases.

Because of the presence of background and misreconstructed signal, we use a two-component,
unbinned likelihood fit of the mKINb distribution to obtain an unbiased estimate of mtop. The
free parameters of the likelihood are mtop and the numbers of signal and background events.
Depending on mtop, the signal and background templates may resemble each other; therefore
the number of background events is constrained by a Gaussian term in the likelihood. The
parameters of signal and background templates are taken from simulation and fixed in the fit.
The signal shape is obtained with a simultaneous fit of simulated tt̄ samples, generated with
mtop values between 151 and 199 GeV/c2 in steps of 3 GeV/c2, to a Gaussian+Landau template
with parameters that are linear functions of mtop. Separate templates are used for the three
samples with 0, 1, and 2 or more b-tagged jets, and the backgrounds are added in the expected
proportions. The relative contribution of Z+jet events to the total background is determined
from data near the Z-peak (|mll − mZ| < 15 GeV/c2). We correct for a residual bias on mtop of
−0.7 ± 0.2 GeV/c2, which is estimated with ensembles of pseudo-experiments. The left plot in
Fig. 1 shows the fit of mKINb and the variation of −2ln(L/Lmax) as a function of mtop.
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Figure 1: Reconstructed mass distributions from the KINb (left) and AMWT (right) methods.
Also shown are the total background plus signal models, and the background-only shapes
(shaded). The insets show the likelihoods as functions of mtop.

In the analytical matrix weighting technique (AMWT), the kinematic equations describing the

First measurement at LHC
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Searches for Supersymmetry
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Extensions of the Standard Model
Although very successful the standard provides no explanation for:

Dark matter
Origin of mass (Higgs?)
Dark energy
Excess of matter over antimatter
Quantum nature of gravity

Possible extension of the Standard model given by SuperSymmetric theories
Postulate new symmetry between bosons and fermions

• Quark and leptons have “bosonic” counterparts, called “squarks” and “sleptons”
Could fix SM divergency of Higgs boson mass
Could describe unification of coupling constants at very high energies
Could provide a dark matter candidate if lightest SuSy particle is stable

19
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Ongoing searches at the LHC
SuSy processes could be identified in a semi-infinite number of final states

First SuSY searches al the LHC focused on model meeting all the mentioned criteria
• However, data analyses are model independent, interpretation of the results (limits) is.

Minimal model of SuSy with potential unification with gravity (mSUGRA)
• At GUT scale all squarks, sleptons, Higgses have mass m0

• At GUT scale all gauginos have mass m1/2

• 5 parameters: m0, m1/2, sign(m), A0, tan(b)

R-parity conservation: 
• R-parity = (-1)2S+3B+L. R=1 for SM particles, -1 for sparticles
• SM particles produced in pairs with sparticles
• Lightest supersymmetric particle (LSP) is stable
• Neutralino escapes particle detectors → Large missing energy

Experimental situation evolving very fast
ATLAS and CMS public results so far based on 36 pb-1 collected in 2010 at √s=7 
TeV. More than 500 pb-1 have been collected since then! 

• Atlas: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
• CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

20
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Production process

21

CHAPTER 1. SUPERSYMMETRY
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Figure 1.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-
gluon and gluon-quark fusion. These production mechanisms are dominant at proton-proton col-
liders for most SUSY models [10].

9

Mass spectrum depends on 
model parameters

(e.g gluino can be lighter or
heaview than squarks)

Dominant production processes
are gluon-gluon and
gluon-quark fusion
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Experimental signatures
Decay of charginos/neutralinos

Multi-leptonic events (opposite or same charge) with missing transverse energy

Decay of squarks
Multi-jet events

22

1

1.Events topology of SUSY

 (Gravity- mediation + R-parity) 　
Gluino/squark are produced copiously,

Cascade decay is followed.

event topologies of SUSY
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Multi-leptonic topology
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Search topologies

Event selection is designed to suppress Standard Model background

Data driven techniques to better constrain residual background

Count events after all cuts
New process manifests as an ‘excess’ in the number of selected events

23
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3.2 Final event selection for SUSY search 3
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Figure 1: HT distribution after preselection, for data as well as for all standard model back-

grounds and two SUSY signal samples with parameter sets LM0 and LM1, normalized to an

integrated luminosity of 35 pb
−1

. The hatched area corresponds to the uncertainty in the SM

estimate as defined in Section 3.1. The SM distributions are only displayed for illustration

purposes, as they are the result of Monte Carlo simulation, while the actual estimate of the

background from SM processes in this search is based on data, as described in detail in Sec-

tion 4.

W + jets, Z → νν̄ + jets and tt̄ + jets events, which will be referred to collectively as the elec-

troweak (EWK) backgrounds in what follows, are simulated using MADGRAPH [32]. The SM

distribution, i.e. the sum of the QCD multijet and EWK distributions, is indicated in Fig. 1

as a hatched band representing the combined statistical and systematic uncertainties from the

jet energy scale and resolution. The expected HT distributions for two low-mass SUSY signal

points, LM0 and LM1, are overlaid. With the exception of tt̄, the SM processes fall off expo-

nentially over the entire HT range, whereas a broad peak at values of a few hundred of GeV

is expected for the signal models. The selection is tightened by requiring the HT of all jets to

exceed 350 GeV, thus ensuring large hadronic activity in the event. This requirement substan-

tially reduces the contributions from SM processes while maintaining a high efficiency for the

SUSY topologies considered.

3.2 Final event selection for SUSY search

Jet mismeasurements, caused by possible detection inefficiencies or by nonuniformities in the

calibration of the calorimeters, are the dominant source of large missing transverse energy E/T

in events from QCD multijet production. To control this background and to separate it from a

genuine missing energy signal, a variable that is robust against energy mismeasurements, αT,

is used. For events with two jets, αT, first introduced in Refs. [21, 33] and inspired by Ref. [34],

is defined as

αT = ET
j2 /MT,

where ET
j2 is the transverse energy of the less energetic of the two jets in the event and MT is

the transverse mass of the di-jet system, defined as

HT =
#jets�

i=1

ET (jeti)

V. Chiochia (Uni. Zürich) – Phenomenology of Particle Physics, FS2011

Hadronic searches
Jets are preselected (ordered in transverse energy):

ET(jet1, jet2)> 100 GeV, |h(jet1)|<2.5
For all other jets: ET>50 GeV, |h|<3
No leptons and photons allowed

The scalar sum of the transverse energies of all jets is given by:

24

HT>350 GeV
Standard model background

from QCD jet production a few
order of magnitudes above 

SuSy signals



CHAPTER 4. SUPERSYMMETRY IN MULTIJET EVENTS
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Figure 4.13: Distribution of αT after the detector simulation and preselection.

4. Th∆Φ:

nTh

j1

j2

j3

j4

hemisphere 1

hemisphere 2

Figure 4.14: Cartoon illustrating the definition of the transverse thrust axis for a 4 jet j event.
The dashed line indicates the plane which separates the two hemispheres.

The variable Th∆Φ is based on the global transverse thrust [67]:

T = max
!n

∑

i |"pT,i ·"n|
∑

i |"pT,i|
, (4.10)

where the numerator is maximized over the directions of the unit vector "n and the sum

is taken over the "pT of all good jets. The axis "n for which the maximum is obtained

is called the thrust axis. Possible values of the transverse thrust are between 1 and

≥ 1/2 in the limit of an isotropic distribution. The thrust axis is used to define two

hemispheres. Jets are associated to one of the two hemispheres depending on their

angles ∆φ with respect to the thrust axis. Jets for which ∆φ to the thrust axis is

larger than 180◦ are attributed to hemisphere 1 jets with ∆φ < 180◦ to hemisphere 2.

Fig. 4.14 shows a cartoon illustrating the definition of the transverse thrust axis and

60

αT =
ET (jet2)

MT

MT =

����
�

2�

i=1

ET (jeti)

�2

−
�

2�

i=1

�pT (jeti)
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SM background suppression
Residual source of large missing momentum in multi jet events is given by 
jet energy mismeasurement

Detector inefficiencies
Miscalibration of calorimeters

Solution:
Exploit different topology of QCD and SuSy events
Introducing variable aT and trasverse mass. 
For a two-jet event:

Multiple jets can be combined to form a di-jet event

25

QCD events give balanced jets and aT~0.5
Large missing energy from SuSy gives aT>0.5
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Results
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Figure 2: Distribution of αT for di-jet events (left) and ≥ 3-jet events (right), requiring HT >
350 GeV. Events with αT > 1.5 are included in the rightmost bin. In both figures the hatched

area corresponds to the uncertainty in the SM estimate as defined in Section 3.1.

After the selection requirements on αT, ∆RECAL and Rmiss, the QCD multijet background pre-

dicted by PYTHIA 6.4 is less than one event for an integrated luminosity of 35 pb
−1

. This esti-

mate is also obtained with PYTHIA 8.1 [36] (tune 1) and with the MADGRAPH generator. After

all selection requirements, the only significant remaining background stems from electroweak

processes with genuine E/T in the final state. In the di-jet case, the largest backgrounds with real

missing energy are the associated production of W or Z bosons with jets, followed by the weak

decays Z → νν̄ and W → τν, or by leptonic W/Z decays in which one or more leptons are not

reconstructed. At higher jet multiplicities, tt̄ production followed by semileptonic weak decays

of the t and t̄ quarks becomes important. In this case, the three backgrounds, Z → νν̄ + jets, W

+ jets and tt̄, are of roughly equal size. The largest fraction of the W + jets and tt̄ backgrounds

stem from W → τν decays where in two thirds of the cases the τ decays hadronically and is

identified as a jet. The two remaining backgrounds from electrons or muons produced in W

decays that fail either the isolation or acceptance requirements (pT > 10 GeV and η coverage)

are of similar size.

4 Background Estimate from Data
The SM background in the signal region is estimated directly from data using two independent

methods. The first method makes use of control regions at lower HT to estimate the total back-

ground from all SM processes (Section 4.1), while the second method estimates the contribution

from electroweak processes using W → µν + jets (Section 4.2) and γ + jets (Section 4.3) events

in the data.

4.1 Inclusive background estimate

The total background can be estimated from two control regions at low HT: the HT250 region,

which contains events with HT between 250 and 300 GeV, and the HT300 region, which contains

events with HT between 300 and 350 GeV. Given the current experimental limits on the squark

6 4 Background Estimate from Data

Table 1: The number of events observed and expected from Monte Carlo simulation after the se-

lection requirements, for data and background samples (QCD multijet simulated with PYTHIA

6.4(Z2), Z → νν̄, W +jets, tt̄). The quoted errors represent the statistical uncertainties on the

yields and all numbers are normalized to an integrated luminosity of 35 pb
−1

.

Selection Data SM QCD multijet Z → νν̄ W + jets tt̄

HT > 250 GeV 4.68M 5.81M 5.81M 290 2.0k 2.5k

ET
j2 > 100 GeV 2.89M 3.40M 3.40M 160 610 830

HT > 350 GeV 908k 1.11M 1.11M 80 280 650

αT > 0.55 37 30.5±4.7 19.5±4.6 4.2±0.6 3.9±0.7 2.8±0.1

∆RECAL > 0.3 ∨ ∆φ∗ > 0.5 32 24.5±4.2 14.3±4.1 4.2±0.6 3.6±0.6 2.4±0.1

Rmiss < 1.25 13 9.3±0.9 0.03±0.02 4.1±0.6 3.3±0.6 1.8±0.1

and gluino masses, these two regions are expected to be dominated by SM processes. The

search region for the signal, which is referred to as the HT350 region in what follows, is defined

as events with HT > 350 GeV.

The method is based on the variable RαT
, defined as the ratio of the number of events passing

and failing a requirement on αT, given all other selection requirements. To minimize the effi-

ciency bias arising from the phase space reduction in the lower HT regions, the pT thresholds

for the two bins are adjusted to keep the ratio of pT/HT constant in each region. In the HT300

region, the resulting thresholds are 86 GeV for the two leading jets and 43 GeV for additional

jets. In the HT250 region the respective thresholds are 71 and 36 GeV. In the absence of a SUSY

signal, the ratio RαT
can then be extrapolated from the measured values in both control regions

to predict the value in the signal region, HT350.

Figure 3 (left) shows the evolution of RαT
as a function of HT for two thresholds on αT, namely

αT > 0.51 and αT > 0.55. For αT > 0.51, the numerator of RαT
is dominated by the QCD

multijet background, for which the missing transverse energy mostly originates from energy

mismeasurements. As the relative resolution of calorimetric energy measurements improves

with energy, and therefore with HT, the relative importance of this background is expected to

decrease with increasing HT. This effect is clearly visible in Fig. 3 (left), which shows the falling

behaviour for seven equidistant bins in HT. In contrast, for αT > 0.55, the numerator of RαT
is

dominated by the electroweak background, with genuine E/T, the relative importance of which

is expected to be constant with increasing HT.

The latter behaviour is confirmed in an independent sample of events with a W decaying to

µν, accompanied by jets. (The selection of these events is given in Section 4.2.) The ratio of

the number of selected W → µν + jets events to the number of events failing the W selection

(hence dominated by the QCD multijet background) is shown in Fig. 3 (left) for the same HT

bins, and confirms the independence of RαT
on HT when the numerator is dominated by events

with genuine E/T.

The ratio RαT
in the HT350 region can be estimated from the RαT

values measured in regions

HT250 and HT300, for αT > 0.55, using the double ratio RR:

RR =
RαT

(HT300)
RαT

(HT250)
=

RαT
(HT350)

RαT
(HT300)

. (1)
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Multi-lepton searches
Search for events with opposite sign leptons (e+e-, e±m±, m+m-), plus jets 
and missing transverse energy
Leptonic requirements:

First lepton pT>20 GeV, second lepton pT>10 GeV
Resonance regions are removed (Z, Y)
Isolation: no other particle in a cone DR=√(Df2+Dh2)<0.3.

• Removes leptons from semileptonic heavy-flavor decays

Hadronic requirements:
Two jets with pT>20 GeV and |h|<2.5
Missing transverse energy > 50 GeV
HT>100 GeV
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Preselected events
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4 4 Background Estimates from Data
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Figure 1: Distributions of (top left) scalar sum of jet transverse energies (HT), (top right)

y ≡ E
miss

T
/
√

HT, (bottom left) dilepton invariant mass M(��), and (bottom right) dilepton

transverse momentum pT(��) for SM MC and data after preselection. The last bin contains the

overflow. Here tt → �+�− corresponds to dilepton tt, including t → W → τ → �; tt → other

includes all other tt decay modes, and VV indicates the sum of WW, WZ, and ZZ. The MC

distributions for the LM1 benchmark points are also shown.

The MC predicts 1.3 SM events, dominated by dilepton tt, in the signal region. The expectations

for the LM0 and LM1 points are 8.6 and 3.6 events, respectively.

4 Background Estimates from Data
We have developed two independent methods to estimate from data the background in the

signal region. The first method exploits the fact that HT and y are nearly uncorrelated for the

tt background. Four regions (A, B, C, and D) are defined in the y vs. HT plane, as indicated in

Figure 2, where region D is the signal region defined in Eq. 1. In the absence of a signal, the

yields in the regions A, B, and C can be used to estimate the yield in the signal region D as

ND = NA × NC/NB; this method is referred to as the “ABCD method”.

The expected event yields in the four regions for the SM MC, as well as the background predic-

tion NA × NC/NB, are given in Table 2. We observe good agreement between the total SM MC

predicted and observed yields. A 20% systematic uncertainty is assigned to the predicted yield

of the ABCD method to take into account uncertainties from contributions of backgrounds

other than dilepton tt (16%), finite MC statistics in the closure test (8%), and variation of the

boundaries between the ABCD regions based on the uncertainty in the hadronic energy scale

(8%).

The second background estimate, henceforth referred to as the dilepton transverse momentum

(pT(��)) method, is based on the idea [22] that in dilepton tt events the pT distributions of

the charged leptons and neutrinos from W decays are related, because of the common boosts

3

Several techniques are used in CMS for calculating E
miss
T [21]. Here, the raw E

miss
T , calculated

from calorimeter signals in the range |η| < 5.0, is corrected by taking into account the contribu-
tions from minimally interacting muons. The E

miss
T is further corrected on a track-by-track basis

for the expected response of the calorimeter derived from simulation, resulting in an improved
E

miss
T resolution.

The data yields and corresponding MC predictions after this event preselection are given in
Table 1. The MC yields are normalized to 34 pb−1 using next-to-leading order (NLO) cross
sections. As expected, the MC predicts that the sample passing the preselection is dominated
by dilepton tt. The data yield is in good agreement with the prediction. We also quote the
yields for the LM0 and LM1 benchmark scenarios.

Table 1: Data yields and MC predictions after preselection, using the quoted NLO production
cross sections σ. The tt → �+�− corrresponds to dilepton tt, including t → W → τ → �;
tt → other includes all other tt decay modes. The samples of MC tt, W± + jets, and single-
top events were generated with MADGRAPH. The Drell–Yan sample (which includes events
with invariant masses as low as 10 GeV/c

2) was generated using a mixture of MADGRAPH
and PYTHIA. All other samples were generated with PYTHIA. The LM0 and LM1 benchmark
scenarios are defined in the text. Uncertainties are statistical only.

Sample σ (pb) ee µµ eµ Total
tt → �+�− 16.9 14.50 ± 0.24 17.52 ± 0.26 41.34 ± 0.40 73.36 ± 0.53
tt → other 140.6 0.49 ± 0.04 0.21 ± 0.03 1.02 ± 0.06 1.72 ± 0.08
Drell–Yan 18417 1.02 ± 0.21 1.16 ± 0.22 1.20 ± 0.22 3.38 ± 0.37
W± + jets 28049 0.19 ± 0.13 0.00 ± 0.00 0.09 ± 0.09 0.28 ± 0.16
W+W− 2.9 0.15 ± 0.01 0.16 ± 0.01 0.37 ± 0.02 0.68 ± 0.03
W±Z 0.3 0.02 ± 0.00 0.02 ± 0.00 0.04 ± 0.00 0.09 ± 0.00
ZZ 4.3 0.01 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.05 ± 0.00
Single top 33.0 0.46 ± 0.02 0.55 ± 0.02 1.24 ± 0.03 2.25 ± 0.04
Total SM MC 16.85 ± 0.34 19.63 ± 0.34 45.33 ± 0.47 81.81 ± 0.67
Data 15 22 45 82
LM0 52.9 10.67 ± 0.31 12.63 ± 0.34 17.81 ± 0.41 41.11 ± 0.62
LM1 6.7 2.35 ± 0.05 2.83 ± 0.06 1.51 ± 0.04 6.69 ± 0.09

Figure 1 compares several kinematic distributions in data and SM MC for events passing the
preselection. As an illustration, we also show the MC distributions for the LM1 benchmark
point. We find that the SM MC reproduces the properties of the bulk of dilepton tt events. We
therefore turn our attention to the tails of the E

miss
T and HT distributions of the tt sample.

To look for possible BSM contributions, we define a signal region that preserves about 1% of
the dilepton tt events, by adding the following two requirements to the preselection described
above:

HT > 300 GeV and y > 8.5 GeV1/2, (1)

where y ≡ E
miss
T /

√
HT. The requirement is on y rather than E

miss
T because the variables HT

and y are found to be almost uncorrelated in dilepton tt MC, with a correlation coefficient of
∼ 5%. This facilitates the use of a background estimation method based on data, as discussed
in Section 4.

Preselected events dominated by top pair production
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6 6 Acceptance and Efficiency Systematic Uncertainties
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Figure 2: Distributions of y vs. HT for SM MC (2-dimensional histogram) and data (scatter plot).

Here our choice of the ABCD regions is also shown.

2.1 ± 0.6, as shown in Figure 3 (left).

As a validation of the pT(��) method in a region with higher statistics, we also apply the pT(��)
method in control region A by restricting HT to be in the range 125–300 GeV. Here the pre-

diction is 9.0 ± 6.0 (stat.) background events, in good agreement with the observed yield of 12

events, as shown in Figure 3 (right).

In summary, for the signal region defined as HT > 300 GeV and y > 8.5 GeV
1/2

: we observe

one event in the data, SM MC predicts 1.3 events, the ABCD method predicts 1.3± 0.8 (stat.)±
0.3 (syst.) events, and the pT(��) method predicts 2.1 ± 2.1 (stat.)± 0.6 (syst.) events.

All three background predictions are consistent within their uncertainties. We thus take as

our best estimate of the SM yield in the signal region the error-weighted average of the two

background estimates based on data and find a number of predicted background events NBG =
1.4 ± 0.8, in good agreement with the observed signal yield. We therefore conclude that no

evidence for a non-SM contribution to the signal region is observed.

6 Acceptance and Efficiency Systematic Uncertainties
The acceptance and efficiency, as well as the systematic uncertainties in these quantities, de-

pend on the signal model. For some of the individual uncertainties, it is reasonable to quote

values based on SM control samples with kinematic properties similar to the SUSY benchmark

models. For others that depend strongly on the kinematic properties of the event, the system-

atic uncertainties must be quoted model by model.

The systematic uncertainty in the lepton acceptance consists of two parts: the trigger efficiency

uncertainty and the identification and isolation uncertainty. The trigger efficiency for two lep-

tons of pT > 10 GeV/c, with one lepton of pT > 20 GeV/c is close to 100%. We estimate the effi-

ciency uncertainty to be a few percent, mostly in the low pT region, using samples of Z → ��.

Signal region

7

Table 2: Data yields in the four regions of Figure 2, as well as the predicted yield in region
D given by NA × NC/NB. The SM and BSM MC expectations are also shown. The quoted
uncertainties are statistical only.

Sample NA NB NC ND NA × NC/NB
tt → �+�− 8.44 ± 0.18 32.83 ± 0.35 4.78 ± 0.14 1.07 ± 0.06 1.23 ± 0.05
tt → other 0.12 ± 0.02 0.78 ± 0.05 0.16 ± 0.02 0.02 ± 0.01 0.02 ± 0.01
Drell–Yan 0.17 ± 0.08 1.18 ± 0.22 0.04 ± 0.04 0.12 ± 0.07 0.01 ± 0.01
W± + jets 0.00 ± 0.00 0.09 ± 0.09 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
W+W− 0.11 ± 0.01 0.29 ± 0.02 0.02 ± 0.01 0.03 ± 0.01 0.01 ± 0.00
W±

Z 0.01 ± 0.00 0.04 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
ZZ 0.01 ± 0.00 0.02 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
Single top 0.29 ± 0.01 1.04 ± 0.03 0.04 ± 0.01 0.01 ± 0.00 0.01 ± 0.00
Total SM MC 9.14 ± 0.20 36.26 ± 0.43 5.05 ± 0.14 1.27 ± 0.10 1.27 ± 0.05
Data 12 37 4 1 1.30 ± 0.78
LM0 4.04 ± 0.19 4.45 ± 0.20 13.92 ± 0.36 8.63 ± 0.27 12.63 ± 0.88
LM1 0.52 ± 0.02 0.26 ± 0.02 1.64 ± 0.04 3.56 ± 0.06 3.33 ± 0.27
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Figure 3: Distributions of y (observed) and pT(��)/
√

HT scaled by the correction factor K50
(predicted) for (left) the signal region and (right) the control region A, for both MC and data.
The vertical dashed line indicates the search region defined by y > 8.5 GeV1/2. The deficit at
low y is due to the E

miss
T > 50 GeV preselection requirement.

For dilepton tt, LM0, and LM1, the trigger efficiency uncertainties are found to be less than 1%.
We verify that the MC reproduces the lepton identification and isolation efficiencies in data
using samples of Z → ��; the data and MC efficiencies are found to be consistent within 2%.

Another significant source of systematic uncertainty is associated with the jet and E
miss
T energy

scale. The impact of this uncertainty is final-state dependent. Final states characterized by
very large hadronic activity and E

miss
T are less sensitive than final states where the E

miss
T and

HT are typically close to the minimum requirements applied to these quantities. To be more
quantitative, we have used the method of Ref. [12] to evaluate the systematic uncertainties in
the acceptance for tt and for the two benchmark SUSY points using a 5% uncertainty in the
hadronic energy scale [25]. For tt the uncertainty is 27%; for LM0 and LM1 the uncertainties
are 14% and 6%, respectively.

The uncertainty in the integrated luminosity is 11% [26].

HT and y nearly uncorrelated 
for top pair background. 

Expected number of events
in the signal region can be 

extracted from A,B,C
One em event with 3 jets
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mSUGRA exclusion limits
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