Search For Leptoquarks at D�

Greg Landsberg (Fermilab) University of Michigan at Ann Arbor HEP Seminar January 19, 1998

Outline

Introduction: Symmetries in HEP

LQ Phenomenology

LQ Production at HERA

LQ Production at the Tevatron

Previous Tevatron Results

D� Detector

Optimization Strategy

First Generation LQ Search at D� ee+jets channel eν+jets channel νν+jets channel

Second Generation LQ Search

Third Generation LQ Search

Conclusions

One Hundred Years of Particle Physics

1897 - Discovery of Electron (J.J.Thompson)

1995 - Discovery of t-quark (CDF and D� )

Classification

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 4

Symmetries and

Invariants

Symmetries → Groups → Transformations

(e.g., SO(3) - three-dimensional rotations)

Noether�s Theorem:

If the Lagrangian is invariant under certain one-parameter transformation, there exists a conserved quantity associated with the generator of this transformation (true for forces which can be described via potential).

Examples:

1) Laws of physics do not depend on time, hence energy is conserved

2) Laws of physics do not depend on the position in space, hence momentum is conserved

3) Gauge invariance: Lagrangian is invariant under gauge transformations ergo, electric charge is conserved

Symmetries → Invariance → Conservation

Laws

) ( , )( 1 ν φ φ ν ν ν ν x ie x x e A A_Λ⋅→ ∂ Λ∂ − →

Approximate and Broken Symmetries

Some symmetries are only APPROXIMATE: H = S + B, where S is an EXACT symmetry under certain group G, and B is a small term for which symmetry is broken, i.e. it is invariant only under a subgroup H → PERTURBATION THEORY

If Lagrangian is symmetric under certain group G, but the ground state is not → SPONTANEOUS SYMMETRY BREAKING

Approximate symmetry of a frog

If the ground state is symmetric under a subgroup H, generators of H become massless fields, whereas remaining generators of G become massive fields:

e.g. SU(2)×U(1) (Standard Model) → massless photon and massive W and Z particles (Higgs mechanism)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 6

Number of Quark and

Lepton Generations

We know that there are THREE generations of quarks and leptons (at least the light ones).

We do not know why�

combined)

(LEP

0.012

2.989 ± =^νN

Mysterious Symmetry of Generations u d +2/3

-1/3 u d +2/3

-1/3 u d +2/3

-1/3 e ν_e -1 0 ΣQ = 0 !

One of the ways to solve the mystery of generations is to introduce the LEPTOQUARKS - exotics objects which have properties of both leptons and quarks and let them know of each other�s presence via e-q-LQ interaction

First introduced by J.C.Pati and A.Salam in 1973 (SU(4) model), these particles became popular in many extensions of the SM, especially in Grand Unified Theories and composite models

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 8

LQ come in 3 generations and are coupled to both leptons and quarks and carry SU(3) color, fractional electrical charge, baryon (B) and lepton (L) numbers

LQ interactions are entirely fixed by the effective

Lagrangian SU(3)^C×SU(2)^L×U(1)^Y assuming baryon/lepton number conservation, EGI, renormalizability, and chiral couplings:

BR into charged leptons β can be 0, 1/2, or 1 only, if no extra fermions are added to the model

LQ can have spin 0 (scalar) or 1 (vector)

LQ interactions can be classified by the fermion number (F=3B+L): / = /^{F=-2} + /^{F=0}

S-type scalar LQ have F= -2 (3 singlets and 1 triplet)

R-type scalar LQ have F=0 (3 doublets)

V-type vector LQ have F= -2 (3 doublets)

U-type vector LQ have F=0 (3 singlets and 1 triplet)

LQ Phenomenology

O,ν q LQ eλ^{L,R}

M^{LQ} O q LQ β ν q LQ 1− β

Low Energy Limits

Intergenerational mixing of LQ is severely restricted by FCNC data and other low energy phenomena:

K → πe^+e^− , πμ^+μ^−(sdOO vertex) B → OO�X

K → μe decay would receive a large contribution from LQ coupled to the first and second families

Chirality of the couplings is ensured from tight limits on the π → eν decay and from g_μ-2 measurements Limits on the LQ mass from low energy data (atomic parity violation, quark-lepton universality, etc.):

MLQ/ λ > 500-2000 GeV

Previous HERA measurements:

MLQ > 230-250 GeV for λ = 1

LEP searches for Z → LQ LQ set couplingindependent mass limits (as long as couplings are strong enough to ensure short LQ lifetime):

MLQ > 44 GeV

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 10

Why Is (Was) It So

Exciting?

New York Times

February 25, 1997

H1: 7 events

(SM: 1.0)

ZEUS:

4 events

(SM: 0.9 )

High Q _2 events in

20 pb_{-1} of e_+p data

HERA at DESY

(Hamburg)

LQ Production at

HERA

Both H1 [Z.Phys. C74, 191 (1997)] and ZEUS [Z.Phys.

C74, 207 (1997)] have recently reported high-Q^2 event excess, which could be explained by the production of the first generation scalar LQ with the mass of around 200 GeV (vector LQ�s were already excluded up to much higher mass by D� ) e

q e

q LQ LQ production at HERA

λ β σ ∝ β (λ e)^2/4π λ =1: EM coupling

20 pb^{-1} e^+p data: H1 - 7 events (1.0 bck.) ZEUS - 4 events (0.9 bck.) 1 pb^{-1} e^− p data: no excess reported

S-type LQ have much higher production rate in e^− p collisions, so HERA data can be explained within the LQ framework only by R-type LQ with q = 5/3. There are two such LQ and both have β = 1. HERA data requires λ = 0.04− 0.10.

There is no way to explain HERA data with β ≠ 1 LQ without pushing experimental constraints or adding new terms to the Lagrangian (such as additional fermions). Some attempts to do so appeared recently [J.Hewett,T.Rizzo - hep-ph/9708419; Babu, Kolda, March-Russell - hep-ph/9705414].

√s = 300 GeV

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 12

Are They Consistent

With Each Other?

0.0

0.1

0.2

0.3

0.4

0.5

175 200 225 250 275

Me (GeV/c_2)

E ve nt s pe rG eV /c_2 H1 Q_2 > 15000, Me > 180

SM

Summed densities for observed events

0.0

0.1

0.2

0.3

0.4

0.5

175 200 225 250 275

〈MDA+ M e 〉 (GeV/c_2)

E ve nt s pe rG eV /c_2

ZEUS

Q_2 > 15000, MDA > 180

Summed densities for observed events

M. Strovink 2/20/97

[M.Strovink, D� ]

LQ Production at the

Tevatron

β ≡ B(LQ → l q)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 15

Limits on First Generation LQ Mass CDF PR D48, 3939 (1993): 113 GeV for β = 1 (LO)

80 GeV for β = 1/2 (LO)

D� PRL 72, 965 (1994): 130 GeV for β = 1 (LO)

116 GeV for β = 1/2 (LO)

Limits on Second Generation LQ Mass CDF PRL 75, 1012 (1995): 131 GeV for β = 1 (LO)

96 GeVfor β = 1/2 (LO)

D� PRL 75, 3618 (1995): 119 GeV for β = 1 (LO)

97 GeV for β = 1/2 (LO)

Limits on Third Generation LQ Mass CDF PRL 78, 2906 (1997): 99 GeV for β = 1 (NLO) vector (Y-M) LQ: 225 GeV for β = 1 (NLO)

Review of Published

Tevatron Limits

eejj eejj eνjj μμjj μμjj μνjj ττjj

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 16

δp p O

|η|<4

σ(EM)=15%/ σ(HAD)=50%/ ΔηΔϕ=0.10.1 E x x σ(vertex)=6 mm σ(rϕ) = 60 μm (VTX) = 180 μm (CDC) = 200 μm (FDC)

TRACKING

E

CALORIMETRY

= 0.2 .003p + |η| < 3.3 MUON

D� Detector

Pseudorapidity: η = -ln tan (θ/2)

3 Level Trigger System

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 17

Particle Identification

D� is perfectly suited for identification of:

�Electrons/Photons

�Jets

�Muons

�Neutrinos (Missing

Transverse Energy)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 18

Signal & Background

Samples

Signal:

ISAJET v7.22 + GEANT Detector Simulation

50-260 GeV; ≈5000 events per mass point PYTHIA, 200 GeV; 2000 events (cross checks)

Z+jets and Drell-Yan+jets Background:

ISAJET v7.22 + GEANT Detector Simulation (1M events)

W+jets Background:

VECBOS + ISAJET v7.22 + GEANT Detector Simulation (230K events)

Top Quark Background:

HERWIG + ISAJET v7.22 + GEANT Detector Simulation (M_t = 170 GeV, 300K OO·+ jets and 80K O�+ jets events)

QCD Background:

Data collected with a jjj trigger in 1994-1995 (360K events, 1pb^{-1})

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 19

Search for LQ at D� :

Optimization Strategy

Leptoquarks?

Discovery:

optimize

S/√B

Limit:

optimize

S for B ≈ 0.4

0 events (70%)

Random Grid Searches

Neural Nets

Very loose cuts

Multiple Cross Checks

Apriori optimization

Improved

Particle ID

Advanced

Multivariate

Techniques

HERA

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 20

Random Grid and Neural Net Searches

Sophisticated cut, best possible S/B

Simpler cut, lower S/B

D_{NN}

x_1

x_2

Hidden nodes

Input nodes Output node

3 layer 2-3-1 feed-forward NN

Random Grid Search:

Use kinematic parameters of MC events for signal and MC or data events for backgrounds in order to find the optimal cuts

Neural Net Search:

Train the net on a mixture of signal and background, so that D_{NN}≈ 1 for signal and D_{NN}≈ 0 for background

Signal

Background

Neural Net Search

Optimizing signal for a fixed background

x_1 x_2

Signal

Background

Random Grid Search

x_1 x_2 D_{NN} = const

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 21

Data Selection in ee+jets channel

Entire Run I statistics (123 pb_{-1})

EM trigger; >99% efficient for offline cuts

Electrons:

E^T_e> 20 GeV; |η^e|< 1.1 (CC) or 1.5< |η^e|< 2.5 (EC)

Significant EM fraction

�Loose�:

Good energy isolation

Cluster shape typical for the EM object

�Tight�:

Matching track

Combined tracking-TRD-calorimeter info

(electron likelihood) consistent with electron

N.B. twice the QCD background rejection compared to standard ID

Require exactly 2 electrons; at least 1 �tight�

Jets (R = 0.7 cone algorithm; 2 or more):

E^T_j> 15 GeV; |η_j|< 2.5

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 22

Data Selection in ee+jets channel (cont�d)

General:

M_{ee} far from the Z-peak (not in the 82-100 GeV window) Electrons well separated from jets (ΔR^{ej} > 0.7)

Base sample: 101 events

Cut Events

Preselection 9,451

Two EM objects 4,967

EM in CC/EC, E_T > 20 GeV

3,880

2 or more jets, E_T > 15 GeV

2,918

ΔR^{ej} > 0.7 2,496

M_{ee} > 100 GeV or M_{ee} < 82 GeV

1,802

At least one �tight� electron 225 �Loose� ID 101

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 23

Kinematic Properties of LQ decay

LQ Kinematic properties (M^{LQ} = 225 GeV)

0

20

40

0 100 200 300 400

E^T(e^1), GeV

Arbitrary units

0

20

40

60

0 100 200 300

E^T(e^2), GeV

Arbitrary units

0 10 20 30 40

0 100 200 300

E^T(j^1), GeV

Arbitrary units

0

20

40

60

0 100 200 300

E^T(j^2), GeV

Arbitrary units

E^T(e^1) E^T(e^2)

E^T(j^1) E^T(j^2)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 24

Random Grid

Searches

Test various combinations of individual object parameters and global parameters of the event

Fix optimal set of cuts and apply it to the data

A number of variables were tried: �

Energy variables:

S_T= ΣE_T^e+ ΣE_T^j - scalar E_T S_T^{12}= ΣE_T^e+ E_T^{j1}+ E_T^{j2} - scalar E_T^{12}

S = ΣE^e+ ΣE^j H_T^e = ΣE_T^e, H_T^j, H_T^{j12}, H_T^{j123} �

Event shape variables:

Centrality = S_T/S, Aplanarity Sphericity, Jet Clustering (η_{RMS}) �

Invariant mass variables:

M_{ee}, pair ej-masses (M^{ea jb}) �

Mass difference variables: δM_{min}/M_{LQ}, δM_{min}/〈M〉, δM_{min}/√〈M〉

e_1

j_2 e_2

j_1

M_{e1j2} = M_{e2j1} or M_{e1j1} = M_{e2j2}

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 25

Optimal Cuts

Γ=ETE1 20.

Γ=ETE2 20.

Γ=ETJ1 15.

Γ=ETJ2 15.

ΙLdt = 123 pb_{-1}

Vary ST (upper dotted line)

Vary DM/M(220) (lower dotted line)

Vary ST and DM/M(220) (spread out dots)

Number of LQ220 Events

Number of Background Events

The S^Tcut is about 20% more efficient for the signal compared to the δM^{min}/M^{LQ} cut

About 50 different combinations of variables were tried.

The S^T was shown to be the single most effective variable for backgrounds of about 0.4 events

Background

Si gn al

The best cut:

S^T > 350 GeV

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 26

Drell-Yan Background

Normalize integral under the Z-peak to the

observed number of Z+2j events Calculate the background outside the Z-window

0 20 40 60 80

60 70 80 90 100 110 120

M_{ee} , GeV

Events/(2 GeV)

- Z Data - Z MC

10^{-1}

1

10

10^2

0 50 100 150 200 250 300

ΣE_T^j , GeV

Events/(15 GeV)

− Z MC

− Z Data

Associated jet production

regime equivalent to S_T >350 GeV cut for D-Y background (dominated by high masses) is

understood

D-Y Background:

67 – 13 events for S_T > 0 GeV 0.18 – 0.04 events for S_T > 350 GeV

(error dominated by jet energy scale)

ΣE_T^j

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 27

QCD Background

Determine jet faking electron probabilities (including direct photons)

Compare number of jets in QCD 3j sample with

the number of 2j+e events

P( j → �tight�) = (3.5 – 0.4)×10_{-4}

P( j → �loose�) = (1.3 – 0.1)×10_{-3}

(error covers slight η and E^T_e variations)

Calculate the QCD background

Two methods:

Start with 4j sample and apply faking probabilities twice

Start with 3j+e sample and apply faking probabilities once

Excellent agreement; use the first method for the final numbers due to a better statistics at high S^T

QCD Background:

24 – 4 events for S^T > 0 GeV

0.16 – 0.02 events for S^T > 350 GeV

(error dominated by P( j → e) uncertainties)

q π0 γγ

Jet fragmenting into π_0

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 28

Top Background

Apply all signal cuts to the tt → OO·+ jets MC (includes τ-decaying into electrons) Count the number of events which pass Calculate background using the top

production cross section measured by D� :

σ (pp → tt) = (5.5 –

1.8) pb and theoretical branching ratio B(tt →

OO·+ jets) = 0.0685

Studied a possibility to apply a missing E_T cut to reduce top background, but ended up not applying it since the top background is already small

Top Background:

1.8 – 0.7 events for S_T > 0 GeV 0.11 – 0.04 events for S_T > 350 GeV

(error dominated by uncertainty in the cross section)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 29

Data vs. Background

10_{-1}

1

10

10_2

0 50 100 150 200 250 300 350 400 450

DØ Preliminary

Minimum S^T (GeV)

Events

Pred. Background

Data

S^T Cut

(GeV)

Background prediction

Data

0

93 ± 14

101

100

86 ± 13

85

150

41 ± 6

39

200

13 ± 2

15

250

4.2 ± 0.6

8

300

1.4 ± 0.2

3

350

0.44 ± 0.06

0

400

0.20 ± 0.03

0

DØ Preliminary

S^T (GeV)

Events/25 GeV

Pred. Background

Data

LQ 200 MC

10x Luminosity

0

5

10

15

20

25

30

100 150 200 250 300 350 400 450 500

Highest S^T event is at 312 GeV

S^T cut

S^T= 0 GeV:

D-Y: 67 – 13

QCD: 24 – 4

Top: 1.8 – 0.7

H^Tfit results:

D-Y: 78 – 16

QCD: 24 – 14

H^T = Σ E^T_j

E ve nt s

0 events

M^{LQ}= 200 GeV

D� final

D� final

Acceptance, Efficiency and Systematics

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 32

(H^T_{e,H}^T_{j) NN Analysis}

10_{-1}

1

10

10_2

10_3

0 0.2 0.4 0.6 0.8 1

D^{NN}

Events

0 50 100 150 200 250 300 350 400

0 100 200 300 400

Background H^T_j

H^T_e

0 50 100 150 200 250 300 350 400

0 100 200 300 400

LQ MC 200 GeV/c_2 H^T_j

H^T_e

0 50 100 150 200 250 300 350 400

0 100 200 300 400

Data H^T_j

H^T_e

Neural Network

Analysis

Results of the NN-based optimization

D^{NN} = 0.95

D^{NN} = 0.90

D^{NN} > 0.95

RG Analysis

S^T > 350 GeV

D^{NN} = 0.80

D^{NN} = 0.70

D^{NN} = 0.60

Last event has

D = 0.92

H^T_j H^T_j

H^T_j

H_T e

H_T e H_T e

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 33

Limits on the First Generation LQ

No background subtraction (limits are independent of the background and its uncertainty) - PDG method

Account for systematic uncertainty on the signal

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

180 190 200 210 220 230 240 250 LQ1 Mass (GeV) β^2 * Cross Section (pb)

D� final, β = 1 M_{LQ} > 225 GeV @ 95% CL

β = 1/2: M_{LQ} > 176 GeV @ 95% CL

NLO Theory: Kr�mer, Plehn, Spira, Zerwas Phys.Rev.Lett. 79, 341 (1997)

95% CL cross section limit

Phys.Rev.Lett. 79, 4321 (1997)

CDF (1997)_M^{Mδ}

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 34

Mass Fit

Full-fledged kinematic fitter KFIT

(based on

SQUAW by

O.Dahl

) balancing all objects in the event (e, j, unclustered energy)

3C-fitter: fits to the LQ-pair hypothesis with equal mass constraint. Lowest χ_2 solution is kept. Resolution is 10% better than that for pure kinematial calculations.

M (GeV)

M^{LQ} = 200 GeV

10% more narrow

ej inv. mass

3C mass fit

Also tried 2C-fitter

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 35

3C-fit Mass Spectra

3C Fitted Mass M LQ1 0 2.5 5 7.5 10 12.5 15 17.5 20 22.5

0 50 100 150 200 250 300 350 400

Run 63057, Event 1782

S_T = 121.2 GeV E_T^{e1}= 29.0 GeV E_T^{e2}= 25.7 GeV

E_T^{j1} = 36.3 GeV E_T^{j2} = 30.2 GeV M_{ee} = 55.3 GeV M_{3C}= 244.9 GeV M_{2C}= 269.7/232.7 GeV

3C Fitted Mass MLQ1 0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150 200 250 300 350 400

S_T > 250 GeV

No S_T-cut

Background

Data

LQ200

Run 90498, Event 13191

S_T = 210.5 GeV E_T^{e1}= 70.5 GeV E_T^{e2}= 54.6 GeV

E_T^{j1} = 53.5 GeV E_T^{j2} = 31.8 GeV M_{ee} = 129.2 GeV M_{3C}= 224.7 GeV M_{2C}= 246.7/217.3 GeV

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 36

S^T versus 3C-fit Mass

Background (DY,tt__,QCD)

92.8 events

S^T Cut

M^{3C}

S^T

LQ1 MC 225 GeV/c_2

3.1 events

S^T Cut

x10 Luminosity

D0 Preliminary

M^{3C}

S^T

3C Fitted Mass

101 events

S^T Cut

M^{3C}

S^T

0 100 200 300 400 500 600 700 800

0 100 200 300 400 0 100 200 300 400 500 600 700 800

0 100 200 300 400

0 100 200 300 400 500 600 700 800

0 100 200 300 400

High mass events from previous plot

Background

LQ225

Data

Two events with high mass seen in the

1-dimensional plot are nothing like the

LQ signal

No evidences for the LQ signal are seen in the mass analysis as well

M^{3C}

M^{3C}

M^{3C}

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 37

D� on HERA Excess

New D� result is a single most sensitive search for the β=1 1^{st} generation LQ. It rules out an interpretation of the HERA high Q^2event excess with 1^{st} generation LQ within general LQ models w/o extra fermions or intergenerational mixing

0.0

0.1

0.2 0.3

0.4

0.5

175 200 225 250 275 Me (GeV/c^2)

E ve nt s pe rG eV /c^2 H1 Q^2 > 15000, Me > 180

SM

Summed densities for observed events

0.0

0.1

0.2

0.3

0.4

0.5

175 200 225 250 275 〈MDA+ M e 〉 (GeV/c^2)

E ve nt s pe rG eV /c^2

ZEUS

Q^2 > 15000, MDA > 180

Summed densities for observed events

M. Strovink 2/20/97

D� limit

D� limit

Unofficial combined CDF/D� limit

Unofficial combined CDF/D� limit

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 38

Data Selection in eν+jets channel

Entire Run I statistics (115 pb_{-1})

EM [+E^T[+ jets]] triggers; >99% efficient for offline cuts

Electron:

E^T_e> 20 GeV; |η^e|< 1.1 (CC) or 1.5< |η^e|< 2.5 (EC)

Significant EM fraction

Matching track

Combined tracking-TRD-calorimeter info

(electron likelihood) consistent with electron

Jets (R = 0.7 cone algorithm; 2 or more):

E^T_j> 20 GeV; |η_j|< 2.5

General:

Muon veto (reduces top background)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 39

Data Selection in eν+jets channel (cont�d)

0 50 100 150 200 250 300

0 0.5 1 1.5 2 2.5 3

a)

Δϕ(j-E/_T)

E/_T (GeV)

LQ sample (M_{LQ} = 180 GeV)

0 50 100 150 200 250 300

0 0.5 1 1.5 2 2.5 3

b)

Δϕ(j-E/_T)

E/_T (GeV)

QCD background

Missing Transverse Energy:

E_T> 30 GeV min(Δϕ(j,E_T)) >0.25 for E_T<120 GeV

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 40

Data Selection in eν+jets channel (cont�d)

M^T_{eν}, W + jets

M^T_{eν} for Background and Signal Samples

0

100

200

300

0 50 100 150 200

M^T_{eν}, QCD 0

5

10

15

0 50 100 150 200

M^T_{eν}, t_-t 0 100 200 300 400

0 50 100 150 200

M^T_{eν}, M^{LQ} = 180 GeV Signal 0 5 10 15 20

0 50 100 150 200

General:

M^T(eν)> 110 GeV (suppresses W+jets background)

W+jets QCD

Top

LQ, M^{LQ}=

180 GeV

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 41

Data Selection in eν+jets channel (cont�d)

Base sample: 14 events

Cut

Events

Preselection

95,383

One EM object

22,649

EM in CC/EC, E_T > 20 GeV

18,683

2 or more jets, E_T > 20 GeV

8,925

Electron ID

3,091

Muon veto

2,963

E_T-cuts

1,094

M_T(eν) > 110 GeV

14

Total Background:

17.8 – 2.1 events (see below)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 42

QCD Background

Use jet faking electron probability from the ee+jets analysis :

P( j → electron) = (3.5 – 0.4)×10_{-4}

(error covers slight η and E^T_e variations)

Calculate the QCD background

Select single interaction events to ensure correct vertex (important for E^T)

Start with 3j+E^T sample with all other cuts applied and multiply the number of combinations passing jet and electron fiducial cuts by electron faking probability

Correct for single interaction requirement inefficiency (50% – 5%)

QCD Background:

75 – 15 events before M^T(eν) cut

4.1 – 0.9 events in the base sample

(error dominated by P( j → e) uncertainties)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 43

Top Background

Apply all signal cuts to the tt → O�+ jets MC (includes dilepton contribution) Correct for muon veto (suppression factor of 1.9 – 0.1) Count the number of events which pass Calculate background using the top production cross section measured by D� :

σ (pp → tt) = (5.5 –

1.8) pb and theoretical branching ratio B(tt →

O�+ jets) = 0.456

Top Background:

12 – 4 events before M_T(eν) cut 2.0 – 0.7 events in the base sample

(error dominated by uncertainty in the cross section)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 44

W+jets Background

Normalize the W+jets MC sample with all cuts except for M^T(eν) applied and the estimated QCD and tt backgrounds added to the data for M^T(eν) < 110 GeV

10_{-1}

1

10

10_2

0 20 40 60 80 100 120 140 160 180 200

M^T_{eν} , GeV/c_2

Events/ 4 GeV/c_2

M^T_{eν} Γ 110 GeV/c_2

W+jets Background:

1010 – 70 events before M^T(eν) cut

11.7 – 1.8 events in the base sample

(error dominated by the uncertainties in jet energy scale and MC statistics)

S = E + E + E + E δM /M = min(|M -M |)/M

Neural Network Analysis

Training:

M = 140 GeV 160 GeV 180 GeV 200 GeV 220 GeV

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 47

NN Optimization,

M^{LQ} = 180 GeV

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 200 400 600 800

S^T_{12}, GeV dM/M(180)

0.95 0.85 0.75

W Background

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 200 400 600 800

0.95 0.85 0.75

QCD background

S^T_{12}, GeV dM/M(180)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 200 400 600 800

0.95 0.85 0.75

Top background

S^T_{12}, GeV dM/M(180)

Constant D^{NN} contours for backgrounds, loose cuts

That�s why we need δM/M^{LQ} variable in the eν+jets channel

Constant

D^{NN}contours

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 48

NN Optimization, M_{LQ} = 180 GeV

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 200 400 600 800

S_T^{12}, GeV dM/M(180)

0.95

0.85

0.75

W Background (11.7 ± 1.8 events)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 200 400 600 800

0.95

0.85

0.75

QCD background (4.1 ± 1.0 events)

S_T^{12}, GeV dM/M(180)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 200 400 600 800

0.95

0.85

0.75

Top background (2.0 ± 0.7 events)

S_T^{12}, GeV dM/M(180)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 200 400 600 800

0.95

0.85

0.75

M_{LQ} = 180 GeV 10 Ξ Signal 27.1 events

S_T^{12}, GeV dM/M(180)

Constant D_{NN} contours for backgrounds, base sample cuts^{Constant}_{DNN contours}

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 49

NN Results

M^{LQ} = 180 GeV

0 0.2 0.4 0.6 0.8 1

0 200 400 600 800

a)

S^T , GeV dM/M(180)

0.95 0.85

0.75

Background

17.8 events

0 0.2 0.4 0.6 0.8 1

0 200 400 600 800

0.95 0.85

0.75

10 Ξ Signal

(M^{LQ} = 180 GeV)

27.1 events b)

S^T , GeV dM/M(180)

0 0.2 0.4 0.6 0.8 1

0 200 400 600 800

0.95 0.85

0.75

Data

14 events c)

S^T , GeV dM/M(180)

0 1 2 3 4

0 0.2 0.4 0.6 0.8 1

d)

D^{NN}

Events/0.05

D^{NN} Γ 0.85

Data are consistent with the background hypothesis

Background for D^{NN} > 0.85 cut is 0.29 – 0.25 events

Last event

D^{NN} = 0.79

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 50

Background and efficiency

We vary the D_{NN}-cut (in 0.05 steps) and S_T^{12}-cut (in 50 GeV steps) and fix it to give the background value closest to the desired level of 0.4 events (with the background uncertainties taken into account). As a result, no events pass the chosen cut for any of the networks or S_T^{12} cut.

M_{LQ}

(GeV)

Background prediction

Signal efficiency

80

0.60 ± 0.27

0.003 ± 0.001

100

0.60 ± 0.27

0.012 ± 0.002

120

0.60 ± 0.27

0.025 ± 0.003

140

0.54 ± 0.25

0.067 ± 0.010

160

0.61 ± 0.27

0.109 ± 0.012

180

0.29 ± 0.25

0.147 ± 0.012

200

0.43 ± 0.27

0.194 ± 0.017

220

0.41 ± 0.27

0.215 ± 0.017

Source of error

Error

Particle ID

5%

Smearing in the

Detector

3%

Jet Energy

Scale

2% -10%

Gluon

Radiation

4%

PDF and Q^2

5%

MC Statistics

3-25%

Luminosity

5%

Total

8%-25

Signal Systematics Background and efficiency

Data are consistent with the background hypothesis;

no evidences for leptoquarks are found

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 51

Mass Limits in eν+jets channel

10_{-1}

1

10

80 100 120 140 160 180 200 220

M^{LQ} , GeV/c_2

2β(1-β) σ(pp 5 LQ LQ), pb

β = 1/2

NLO Theory (1997)

95Ψ CL Cross Section Limit

M^{LQ} Γ 175 GeV

D� final, β = 1/2

M^{LQ} > 175 GeV

@ 95% CL

Kr�mer, Plehn, Spira, Zerwas

Phys.Rev.Lett. 79, 341 (1997)

Fermilab-Pub-97/344-E, submitted to PRL

Compare to ee+jets for β = 1/2:

M^{LQ} > 176 GeV @ 95% CL

CDF prelim.

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 52

Data Selection in E_T+jets channel

Use our published analysis [PRL 76, 2222 (1996)]: search for stop pair production in

This analysis is not optimized for LQ searches; it also uses only a small fraction of available statistics; still it is useful to extend LQ mass limits to β=0

Data set:

7.4 pb^{-1}, collected with E_T trigger in the 1992-1994 run

Selection Cuts:

E_T> 40 GeV, E_T^j> 30 GeV

90^o< Δϕ(j_1,j_2) < 165^o

10^o< Δϕ(j_{1,2},E_T) < 125^o; 10^o< Δϕ(j_{>2},E_T) electron/muon veto

Observed 3 candidate events jets E X c c X tt pp_T +→+ → + →^0_1^0_1 11 ~~ χχ

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 53

Backgrounds:

W(eν,μν,τν)+jets (2.98 – 1.14 events)

Z(μμ,ττ) [+jets] (0.51 – 0.27 events)

Total: 3.49 – 1.17 events

Signal efficiency:

From: 0.45% – 0.10% + 0.00% - 0.05% (M^{LQ}=50 GeV)

To: 6.36% – 0.35% + 0.04% - 0.06% (M^{LQ}=200 GeV)

Results in E^T+jets channel

10_{-1}

1

10

10_2

60 80 100 120 140 160 180 200

LQ1 Mass (GeV)

(1-β)_2 * Cross Section (pb)

95Ψ CL Cross Section Limit

M^{LQ1} Γ 79 GeV

D� final, β = 0

M^{LQ} > 79 GeV

@ 95% CL

Unique measurement sensitive to β = 0;

generationindependent

M^{LQ2} > 79 GeV

M^{LQ3} > 79 GeV

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 54

Combined Limits on First Generation LQ

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 50 100 150 200 250

LEP Limit

DØ (1992-93) ee+jets, eν+jets

DØ (1992-93) νν+jets

DØ Run I eν+jets

DØ Run I ee+jets

DØ

Combined Limit

M_{LQ} (GeV/c^2) β = B(LQ 5 eq)

First Generation Scalar Leptoquarks are excluded by D� at 95% CL for β > 0.4. This closes HERA LQ saga.

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 55

The Aftershock

After analyzing 1997 data set the significance of HERA excess did not improve. In fact, 1997 data alone does not exhibit any significant excess of high Q_2 events

Joint analysis of the H1/ZEUS data does not support an explanation of the HERA results with a single narrow resonance:

[U.Bassler, G.Bernardi, Z.Phys. C76, 223 (1997)]

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 56

Search for Second Generation LQ

Data: 1994-1996 Tevatron run (94.4 pb^{-1})

Event Selection:

2 isolated muons: p_T^μ > 15 GeV, |η^μ | < 1.0,

ΔR(μ,j) > 0.5

Δϕ(μ1,μ2) < 160^oif | η_{μ1}+ η_{μ2} | < 0.5

H_T^j> 100 GeV

0 events survive

2 jets: E_T^j > 15 GeV, |η^j| < 2.5

Z-kinematic fit P(χ^2) < 1%

2 muons and 2 leading jets are not in the same ϕ-hemicylinder

M_{μμ} > 10 GeV

Standard

tt → dimuon

selection

Top rejection

μμjj channel

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 57

Second Generation LQ

Mass Limits

Run 1 Data Sample (94.4 pb_{-1})

Data: 0 events, Exp. Bkgd: 0.9 – 0.2 events

M^{LQ2} > 184 GeV @ 95% CL for β = 1

NLO Theory: Kr�mer, Plehn, Spira, Zerwas

Phys.Rev.Lett. 79, 341 (1997)

LQ2, β=1

CDF

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 58

Search for Third Generation LQ

Major Backgrounds: tt, W/Z+2j, QCD multijets q = 1/3 third generation LQ

ννbb channel

• νν ⇒ E_T > 35 GeV • 2 jets, at least 1 with muon tag

• untagged, E_T^j > 25 GeV • tagged, E_T^j > 10 GeV

• topological cuts

Efficiency = 1.9% (M_{LQ3} = 100 GeV) (3-5% at higher LQ3 masses)

U-M Seminar, 1/19/98 Greg Landsberg, Search for Leptoquarks at 59

Third Generation LQ

Mass Limits

Run 1 Data Sample

Data: 2 events, Exp. Bkgd: 3.1– 0.9 events

M^{LQ3} > 98 GeV @ 95% CL for β = 0, q = 1/3

M^{VLQ3} > 201 GeV @ 95% CL for β = 0, q = 1/3

NLO Theory: Kr�mer, Plehn, Spira, Zerwas

Phys.Rev.Lett. 79, 341 (1997)

LQ3

ννbb, β=0

Conclusions