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Tevatron

Many signatures involving jets

Nj Nj + ET!

Nj + ET! +W±, Z0

Nj + ET! +γ

Difficult to make sure that all 
new physics is being looked for

N j + ET! +!±!±

Machine is working great

Understand detectors
Searches are similar at the LHC
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MSSM has sense of generality

Has particles of all gauge and flavor quantum 
numbers

Reasonably useful to extensively explore this 
model for discovery signals

(TeV-scale Extra Dimensions also general
framework for searching for collider signals)
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Jets + MET as a signal of new physics

Backgrounds

Existing Searches

A 70 GeV Gluino!??

Going Forward

Outline
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Jets + MET familiar from Susy

4 jets + MET

pp̄→ g̃g̃

q̃ → χ0
1 + q

g̃ → q̃ + q

pp̄→ q̃q̃
q̃ → χ0

1 + q

Have highest reach for coloured particles

2 jets + MET
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8new → 1stable
new + q̄q

8new → 1stable
new + g
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8new → 1stable
new + q̄q

8new → 1stable
new + g

pp̄→ 8new8new

2 jets + MET
4 jets + MET

Jets + MET familiar from Susy

Have highest reach for coloured particles

Heavy flavor possibilities

3new → 1stable
new + q

pp̄→ 3new3new

2 jets + MET
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Jets + MET many backgrounds

Z0 + n j W± + n j

t t̄

“QCD”

Tight Cuts Needed

Single top

Di-boson

Harder than leptons but less model dependent
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FIG. 6: Scattering cross sections versus c.m. energy for the SM processes in pp collisioins. The Higgs

boson mass has been taken as 120 GeV.

have chosen the QCD factorization scale to be Q2=10 GeV2 and 104 GeV2 in these two panels,

respectively. Several general features are important to note for future discussions. The valence

quarks uv, dv, as well as the gluons carry a large momentum fraction, typically x ∼ 0.08− 0.3.

The “sea quarks” (ū = usea, d̄ = dsea, s, c, b) have small x, and are significantly enhanced at

higher Q2. Both of these features lead to important collider consequences. First of all, heavy

objects near the energy threshold are more likely produced via valence quarks. Second, higher

energy processes (comparing to the mass scale of the parton-level subprocess) are more domi-

nantly mediated via sea quarks and gluons.
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“QCD”
Jet energy resolution

∆E ∼ c0 ⊕ c1

(
E

GeV

) 1
2

⊕ c2

(
E

GeV

)

c0 ∼ 3 GeV c1 ∼ 1 GeV c2 ∼ 10−2 GeV

Non-gaussian tails

Ej = 100 GeV⇒ ∆Ej ∼ 10 GeV
50 GeV mismeasurement 5σ
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“QCD”
Neutrinos from heavy flavours
π

K

D !

ν
π π

K ν

B τ !
ν
ν
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“QCD”
Neutrinos from heavy flavours
π

K

D !

ν
π π

K ν

B τ !
ν
ν

νπ

D

e
5 MeV

130 GeV

ν
π

e
1 MeV

900 MeV900 MeV

900 MeV 130 GeV

Meson Frame Lab Frame
Proof of Principle
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17. Fragmentation functions in e+e− annihilation and DIS 17
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Figure 17.9: (a) Efficiency-corrected inclusive cross-section measurements for
the production of D0 and D∗+ in e+e− measurements at

√
s ≈ 10.6 GeV, excluding

B decay products [121,122]. (b) Measured e+e− fragmentation function of b
quarks into B hadrons at

√
s ≈ 91 GeV [125].

July 14, 2006 10:37

Fragmentation xB ≡
EB

Ej

Not impossible to have 
isolated B mesons

Heavy Flavour Neutrinos

π

K
B Still have jet fragments
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A Highly Suspicious D0 4-jet+MET Candidate

254 GeV

66 GeV76 GeV

67 GeV400 GeV

400 GeV

gg

∆φ = 4◦

Too energetic relative to other jets

c

c̄
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Jets + MET as a signal of new physics

Backgrounds

Existing Searches

A 70 GeV Gluino!??

Going Forward

Outline
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Existing Searches for  Jets + MET

2 search strategies

Lots of jets

Single hard jet

14



D0 Cuts

10 GeV

1 fb−1
5

of grand unification; tanβ, the ratio of the vacuum ex-
pectation values of the two Higgs fields; and the sign of
the Higgs-mixing mass parameter µ. To retain consis-
tency with earlier analyses [2, 3], the following param-
eters were fixed: A0 = 0, tanβ = 3, and µ < 0. For
the same reason, the production of scalar top quarks,
or stops, was ignored. In the following, “squark mass”
stands for the average mass of all squarks other than
stops. All squark and gluino decay modes were taken
into account in the simulation, including cascade decays
such as g̃ → qq̄χ̃0

2 with χ̃0
2 → #+#−χ̃0

1. The NLO cross
sections of the various signal processes were calculated
with prospino 2 [13].

Three benchmark scenarios have been considered. At
low m0, the gluino is heavier than the squarks, and the
process with the dominant cross section is q̃q̃ production.
A “dijet” analysis was optimized to search for events con-
taining a pair of acoplanar jets. At high m0, the squarks
are much heavier than the gluino, and the process with
the highest cross section is therefore g̃g̃ production. A
“gluino” analysis was optimized to search for multijet
events (≥ 4 jets). In the intermediate m0 region, all
squark-gluino production processes contribute to the to-
tal cross section, in particular the q̃g̃ process becomes
relevant. A “3-jets” analysis was optimized to search for
events with at least three jets. The benchmark for this
analysis is the case where mq̃ = mg̃.

A common event preselection was used for the three
analyses to select events with at least two jets and sub-
stantial /ET (≥ 40 GeV). The acoplanarity was required to
be below 165◦. The longitudinal position of the primary
vertex with respect to the detector center was restricted,
|z| < 60 cm, to ensure an efficient primary vertex recon-
struction. The two leading jets, i.e. those with the largest
transverse energies, were required to be in the central re-
gion of the calorimeter, |ηdet| < 0.8, where ηdet is the
jet pseudorapidity calculated under the assumption that
the jet originates from the detector center. These jets
must have their fraction of energy in the electromagnetic
layers of the calorimeter smaller than 0.95. Minimum
transverse energies of 60 and 40GeV were required for
the first and second leading jets, respectively.

The tracking capabilities of the Run II DØ detector
were used to significantly reduce the QCD background.
A comparison of the jet energy with the energy carried
by its associated charged particles was performed. In
particular, the ratio CPF of the transverse momentum
carried by tracks associated with the jet to the jet ET

is expected to be close to zero if an incorrect primary
vertex was selected. The two leading jets were required
to have CPF larger than 0.05.

Different selection criteria were next applied in the
three analyses, as summarized in Table I. In the “di-
jet” analysis, the cut on the second jet ET was raised to
50GeV. In the “3-jets” and “gluino” analyses, a third and
fourth jet were required, respectively. They must fulfill

TABLE I: Selection criteria for the three analyses (all energies
in GeV); see the text for further details.

Preselection Cut All Analyses
/ET ≥ 40

Acoplanarity < 165◦

|Vertex z pos.| < 60 cm
Selection Cut “dijet” “3-jets” “gluino”
1st jet ET

a ≥ 60 ≥ 60 ≥ 60
2nd jet ET

a ≥ 50 ≥ 40 ≥ 40
3rd jet ET

a − ≥ 30 ≥ 30
4th jet ET

a − − ≥ 20
Electron veto yes yes yes
Muon veto yes yes yes

∆φ(/ET , jet1) ≥ 90◦ ≥ 90◦ ≥ 90◦

∆φ(/ET , jet2) ≥ 50◦ ≥ 50◦ ≥ 50◦

∆φmin(/ET , any jet) ≥ 40◦ − −
HT ≥ 275 ≥ 350 ≥ 225
/ET ≥ 175 ≥ 100 ≥ 75

aJets subject to an ET cut are also required to be central
(|ηdet| < 0.8), with an electromagnetic fraction below 0.95, and to
have CPF≥0.05.

the same quality criteria as the two leading jets, except
for the ET cuts which were set at 30 and 20GeV. In all
three analyses, a veto on isolated electrons or muons with
pT >10GeV rejects a large fraction of events originating
from the W/Z+jets processes. The azimuthal angles be-
tween the /ET and the first jet, ∆φ(/ET , jet1), and the sec-
ond jet, ∆φ(/ET , jet2), were used to remove events where
the energy of one jet was mismeasured, generating /ET

aligned with that jet. The cuts are ∆φ(/ET , jet1) ≥ 90◦

and ∆φ(/ET , jet2) ≥ 50◦.
In the “dijet” analysis, QCD events were further sup-

pressed by requiring that the minimum azimuthal an-
gle ∆φmin(/ET , any jet) between the /ET and any jet with
ET > 15GeV be greater than 40◦. Because of the higher
jet multiplicity, this criterion was not used in the “3-jets”
and “gluino” analyses.

The “dijet” ∆φmin(/ET , any jet) cut along with the two
final cuts on HT =

∑

jets ET and on /ET were optimized
by minimizing the expected upper limit on the cross sec-
tion in the absence of signal. To this end, as well as for
the derivation of the final results, the modified frequentist
CLs method [14] was used. For each set of cuts tested,
the QCD background contribution was estimated from
an exponential fit to the /ET distribution below 60GeV,
after subtraction of the SM background processes, ex-
trapolated above the chosen /ET cut value. The optimal
cuts thus determined are given in Table I for the three
analyses. Figure 1 shows: the ∆φmin(/ET , any jet) distri-
bution after applying the “dijet” analysis criteria with a
/ET cut reduced to 80GeV and without requiring the con-
ditions on ∆φmin(/ET , any jet) itself and on ∆φ(/ET , jet2);
the HT distribution after applying all the “3-jets” analy-
sis criteria except the one on HT ; and the /ET distribution
after applying all the “gluino” analysis criteria except the

≥ 150 ≥ 100≥ 225
≥ 300 ≥ 300≥ 400

≥ 35
≥ 35

≥ 35
≥ 35
≥ 35

≥ 35
≥ 35
≥ 35
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mSugra Caveats

1 : 2 : 7
g̃ → B̃ + q q̄

never phase-space limited Bino always relativistic

mB̃ : mW̃ : mg̃

Lots of examples where mB̃ : mg̃ ∼ 1 : 1.5

∆Q = 6mB̃

w/ A. Pierce, M. Lisanti, M-P. Le

Also motivated by fine-tuning

Light gluino keeps squarks lighter
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Benchmark Point

mg̃ = 70 GeV mB̃ = 60 GeV

How do we find?
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Benchmark Point

mg̃ = 70 GeV mB̃ = 60 GeV

How do we find?

j1 j2

B̃
p ∼ 5 GeV

p ∼ 5 GeV

p ∼ 1 GeV
j1 j2B̃

γg̃

γB̃ ! γg̃

pj1 + pj2 ! γg̃Q

Looks like a 70 GeV hadronically produced tau
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Existing Searches Multijet + MET
j3

j2
g̃

j1

j4

g̃
B̃B̃

ET!

Useful when not phase space limited Q = mg̃ −mB̃ > mB̃

Bino carries away energy but not momentum

As gluinos get boosted, jets become 
collinear and       aligned with jetsET! ∆Φj ET! ∼ 1

γg̃

If Q < mB̃

ET! ∼ Q2

mB̃
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Existing Searches Multijet + MET

Benchmark usually fails kinematic/isolation cuts

g̃

g̃

j1
j2

j3

ET!

B̃

B̃

C
D

F ET! > 70 GeVP j1
T > 95 GeV

P j2
T > 55 GeV

P j3
T > 25 GeV

HT > 230 GeV

∆Φji ET! > 40◦

D
0 ∆Φj1 ET! > 90◦

∆Φj2 ET! > 50◦HT > 400 GeV
P j1

T , P j2
T , P j3

T > 35 GeV

No 3rd jet iso
ET! > 150 GeV
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Kinematics Multijet + MET
g̃

g̃

j1
j2

j3

ET!

B̃

B̃

Most “bang” per unit jet energy

j
g̃

g̃

vs
j

g̃g̃ET/

ET/
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γg̃ > 2.5 ⇒ Eg̃ > 175 GeV
Ej > 75 GeV
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Kinematics Multijet + MET
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Most “bang” per unit jet energy

j
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vs
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ET/

To get gluino decay jets energetic enough

γg̃ > 2.5 ⇒ Eg̃ > 175 GeV
Ej > 75 GeV

Fails
HT > 350 GeV
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Existing Searches Monojet + MET
g̃

g̃

j1
j2

j3

ET!

B̃

B̃
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P j1
T > 150 GeV

C
D

F

P j2
T < 60 GeV

P j3
T < 20 GeV

ET! > 120 GeV

∆Φj2ET! > 0.3

Existing Searches Monojet + MET
g̃

g̃

j1
j2

j3

ET!

B̃

B̃
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Existing Searches Monojet + MET

P j1
T > 150 GeV ET! > 150 GeV

P j2
T < 50 GeV ∆ΦjET! > 30◦D
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Existing Searches Monojet + MET
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FIG. 3: Distribution of the second leading jet pT after cuts C1 to C7 for data (points with error bars), for non-QCD standard
model background (full histogram), and for signal Monte Carlo (nD = 6, MD = 0.7 TeV; dashed histogram).
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FIG. 4: Distribution of the minimum ∆Φ( !ET , jet) after cuts C1 to C8 for data (points with error bars), for non-QCD standard
model background (full histogram), and for signal Monte Carlo (nD = 6, MD = 0.7 TeV; dashed histogram).

TABLE II: Standard model processes and numbers of events expected in the monojet analysis. The errors on the numbers of
events expected in the individual channels are statistical only. For the total background, the first error is statistical, and the
second accounts for the cross section uncertainties.

SM process cross-section (pb) events expected
Z → νν̄ + jet 422 32.1 ± 3.4
Z → νν̄ + jet jet 144 28.4 ± 2.8
W → τν + jet 732 13.3 ± 2.6
W → τν + jet jet 255 8.9 ± 2.4
W → µν + jet 732 5.8 ± 1.7
W → µν + jet jet 255 6.2 ± 0.8
W → eν + jet 732 4.1 ± 1.6
W → eν + jet jet 255 1.2 ± 0.4
Z → ττ + jet 72 0
Z → µµ + jet 72 0.07 ± 0.05
Z → µµ + jet jet 26 0.2 ± 0.05
total 100.2 ± 6.2 ± 7.5

85 pb−1
High priority?

March 2004!
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Existing Searches Monojet + MET

4

The distributions of the variables used for the last three cuts are shown in figures 2, 3 and 4 before the corresponding
cut has ben applied. As expected, before !ET cut the background is dominated by QCD events while is it dominated
by physics events at the end of the analysis.

TABLE I: Cuts applied in the monojet analysis, events remaining at each step, signal efficiency in percent for nD = 6 and
MD = 700 GeV, and supporting figure.

cut applied events left efficiency (%) Figure
preselection 358 120
C1: leading jet pT > 150 GeV/c 38 556 8.3
C2: leading jet |ηdet| < 1. 28 252 7.2
C3: leading jet EMF < 0.95 28 014 7.2
C4: leading jet CPF > 0.05 23 473 7.2
C5: no electromagnetic object with pT > 10GeV/c 22 963 7.1
C6: no isolated muon with pT > 10GeV/c 22 864 7.1
C7: !ET > 150 GeV 150 6.5 Fig. 2
C8: second leading jet pT2 < 50 GeV/c 91 5.6 Fig. 3
C9: minimum ∆Φ( !ET , jet) > 30◦ 63 5.2 Fig. 4
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FIG. 2: Distribution of !ET after cuts C1 to C6 for data (points with error bars), for non-QCD standard model background
(full histogram), and for signal Monte Carlo (nD = 6, MD = 0.7 TeV; dashed histogram).

D. Backgrounds

1. Standard model backgrounds

The standard model background contributions to the selected monojet sample are listed in Table II. The main
contributors are, as expected, Z → νν̄ + jet(s).

There is a deficit of almost 3σ in the number of events observed compared to the SM background expectation. This
analysis is however very sensitive to the jet energy scale. To investigate the effect of the associated uncertainties, it
was repeated after applying to the simulation a JES modified by ± one standard deviation of an error calculated as
the quadratic sum of the data and Monte Carlo uncertainties. In terms of numbers of events, the discrepancy between
data and SM background expectation is reduced to about 1σ. The impact of the JES uncertainties on the !ET and
pT1 distributions can be appreciated in Fig. 5.

QCD Again!
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70 GeV Gluino is Close to Existing Searches

Really want a dedicated search for 
phase space limited decays

Requires altering cuts

Needs to understand SM background

Can’t attribute all low energy excesses to QCD
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Motivates Bino vs Gluino Plot
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n j + ET!
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n j + ET!

Motivates Bino vs Gluino Plot

mB̃

mg̃

mSugra

m g̃
=

m B̃

very general:  8new → q + q̄ + 1new
stable

3new → q + 1new
stablealso should do:

jISR + ET!

Q = 0

Q = mB̃

set limits on cross section
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We are probing the energy frontier

Need to make sure we are looking in all available channels

Worst tragedy would be to have the discovery on tape, but 
not to discover it because we didn’t look

Need to make tools to understand rare backgrounds

Need to be explicit about relevant 
exclusion plots and search strategies.
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