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Symmetries and
| nvariants

T
L2

Symmetries -~ Groups — Transformations
(e.g., SO(3) - three-dimensional rotations)

Noether’s Theorem:

|f the Lagrangian isinvariant under certain one-parameter
transformation, there exists a conserved quantity associated
with the generator of thistransformation (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 isinvariant under gauge
transformations
1 0/\(X ) iA(X)
— I @
A =A== 4
ergo, electric chargeis conserved

Symmetries - Invariance — Conservation
Laws
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Approximate and
Broken Symmetries

Approximate
symmetry
of a frog

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 stateisnot —
SPONTANEOUS SYMMETRY BREAKING

|f 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)xU(1) (Standard Model) — massless photon and
massive W and Z particles (Higgs mechanism)
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€. Number of Quark and
L epton Generations

L2

We know that there are THREE generations of quarks
and leptons (at least the light ones).
We do not know why...

N, =2.989 + 0.012 (L EP combined)
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Mysterious Symmetry
of Generations

1CL 0R¢
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+23| +2/3| +2/3
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® | Colorless

el s0=0!

One of the ways to solve the mystery of generationsisto
introduce the LEPTOQUARKS - exotics objects which
have properties of both leptons and quarks and let them
know of each other’s presence via e-g-LQ interactior

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
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L Q Phenomenology

T
L2

o« LQcomein 3 generationsand are coupled to
both Ieptons and quarks and carry SU(3) color,
fractional electrical charge, baryon (B) and
lepton (L) numbers

o LQ interactionsare entirely fixed by the effective
Lagrangian SU(3)-xSU(2), xU(1)y assuming
baryon/lepton number conservation, EGI,
renormalizability, and chiral couplings

Lo ./Lsz =/ %

M, o

e BR mto charged leptons 3 can beO 1/2, or 1
only, If no extra fermions are added to the model

e LQ can have spin O (scalar) or 1 (vector)

o LQ interactions can be classified by the fermion
number (F=3B+L): £ =4r_, + L

Stypescalar 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)
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Low Energy Limits

T
L2

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

s K - Tete, Ut (304 vertex)
m B_ou¢X
m K - pedecay would receive a large contribution from
L Q coupled to the first and second families
o Chirality of the couplingsisensured from tight

limitson thet - eV decay and fromg,,-2
measurements

o Limitson the LQ massfrom low energy data
(atomic parity violation, quark-lepton universa-
lity, etc.):

s Mo/ A >500-2000 GeV
o Previous HERA measurements:

m M o>230-250 GeV for A1 =1
o LEP searchesfor Z - LQ LQ set coupling-
Independent mass limits (as long as couplings
are strong enough to ensure short LQ lifetime):
s M o> 44 GeV
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P& Whyls(Was) It So
' 3 Exciting?

HERA at DESY
(Hamburg)

At the DESY accelerator in
Hamburg, Germany a positron

(the electron's antimatter

High Q2 eventsin imater

20 pb! of e'p data ' ok 13 o spectaculbr
collisions, the pasitron nearly

! makes a U turn. One possible

explanation is the momentary
creation of a strange new

ZEUS . particle called a leptoquark.

Positron and a guark inside

4 events | aproton are accelerated

close to the speed of light

(SM 0 9 ) and then collided

Dibr= 12<Ubep= 1605

Hi Run 158577 Event 100110 Date 10/09,1996

The high-energy positron

[ = 51420 GeV?, y= 0.78, M = 200 GeV

naarly reverses direction,

Hl . E.:l':sihl& llh'u'idlncl of a
/ events
(SM: 1.0)
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L Q Production at
HERA

o Both H1[Z.Phys. C74, 191 (1997)] and ZEUS [Z.Phys.
C74, 207 (1997)] have recently reported high-Q? event
excess, which could be explained by the production of
the first generation scalar L Q with the mass of around
200 GeV (vector LQ’s were already excluded up to much
higher mass by DQ)

LQ production at HERA

€ < Vs= 300 GeV e | 20 pb™ e'p data:
\. LO 'B/ H1 - 7events (1.0 bck.)

1 ZEUS - 4 events (0.9 bck.)

g 5 g | 1pb*tep data:
o LB (Ae)7 4?T no excess reported
A=1. EM coupling

S-type LQ have much higher production rate inpecollisions,
so HERA data can be explained within the LQ framework
only by R-type LQ with g = 5/3. There are two such LQ ar

both havef3 = 1. HERA data requiresl = 0.04-0.10.

There isno way to explain HERA datavith 3 # 1 LQ without
pushing experimental constraints axdding new termgo the
Lagrangian (such as additional fermionsyome attempts to
do so appeared recently.Hewett,T.Rizzo - hep-ph/9708419;
Babu, Kolda, March-Russell - hep-ph/9705414].
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& Are They Consistent
"=E \With Each Other?

[M.Strovink, DQ]
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€. LQ Production at the
"= Tevatron

» Atthe Tevatron leptoquark pair production via
gluon splitting (strong interaction) dominates

N
Q

Major backgrounds: W/Z+jj,
QCD and tt production

4 ’l{ | eejj, evjj or wjj channels
. L
g ¢I{ BEB(LQ_)qu)

~ g q//, AV TE - 99% - ~ q///
o : ! )

~ g S W*{F** ( 0%1% ( S

o Pair production isinsensitive to the value of A

sinceit entersonly in the LQ lifetimeand for A
> 10"% LQ decay within a collider detector

o |t dependsonlyon B (O p*for eqjj, 0 2B(1-P)
for evjj and O (1-B) * for vvjj)

« It hasvery little model dependence (such as
p.d.f. choice, etc.) similar to top pair production
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& Next-to-Leading
' 3 Order Theory

NLO theory — calculate [1100 additional
diagrams to include O(a %) effects

M.Kramer, T.Plehn, M.Spira, and P.M.Zerwasg,
Phys.Rev.Lett. 79, 341 (1997)

0, [pb]: pp— LQ+LQ+X
Vs=1.8 TeV
G (200 GeV) = 0.18 pb

. — NLO : u:MLQ
10 - — H=[M /2, 2M ]
- - LO =M, {a,aq/g: LO}
e LO : p=v5 {a,0/g: NLO} ~J)
e b b b e b T
150 160 170 180 190 200 210 220 230
MLQ[Ge\d
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Review of Published
Tevatron Limits

Limits on First Generation LQ Mass

CDF
eejj PR D48, 3939 (1993): 113GeV for =1(LO)
80 GeV for =1/2 (LO)

T
L2

DY
eej] PRL 72,965 (1994): 130GeV for =1(LO)
evj] 116 GeV for 3 =1/2 (LO)

Limits on Second Generation LQ Mass

CDF
LLLLjj PRL 75,1012 (1995): 131 GeV for =1 (LO)
96 GeV for =1/2(LO)

D@
PRL 75, 3618 (1995): 119GeV for =1 (LO)
97 GeV for =1/2 (LO)

M)
HV)]

Limits on Third Generation LQ Mass

CDF
TTjj PRL 78, 2906 (1997): 99 GeV for 3 =1 (NLO)
vector (Y-M)LQ: 225GeV for B =1(NLO)
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D@ Detector

Pseudor apidity:
n =-In tan (6/2)

D@ Detector CALORIMETRY
TRACKING <4
o(vertex)=6 mm AnxAp=0X01
o(rg) =60pum (VTX) MUON —
= 180um (CDC) GEM = 15%4/E
= 200um (FDC) In| < 3.3 oHeD) = 50%/L/E

%O = 0.2 .003p
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Particle | dentification

Dd is perfectly suited
for identification of:

*Electrons/Photons
Jets

Muons

Neutrinos (Missing
Transverse Energy)
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Signal & Background
Samples

e Signal:
| SAJET v7.22 + GEANT Detector S mulation

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

Z+|ets and Drell-Yan+)ets Background:

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

WH+jets Background:

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

Top Quark Background:

HERWIG + | SAJET v7.22 + GEANT Detector
Simulation (M, = 170 GeV, 300K # + jets and

80K¢ + jets events)
QCD Background:

Data collected with a jjj trigger in 1994-1995
(360K events, 1ph
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Search for LQ at DQ:
Optimization Strategy

HERA @oq u@

Improved
Particle ID

Very loose cuts

l

: Advanced
Random Grid Searches Multivariate
Neural Nets Techniques
Apriori optimization
Discovery: Limit:
optimize optimize
SIVB SforB=0.4
s 0 events (70%)

Multiple Cross Checks
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T
L2

Random Grid and
Neural Net Searches

Random Grid Search:

the optimal cuts

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

3 layer 2-3-1 fed-forward NN

O Output
Hidden node
nodes

Neural Net Search:
Train the net on a
mixture of signal and
background, so that
Dyn= 1 for signal and
D= 0 for background

Random Grid Search

Simpler cut, lower S/B
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.'E : ‘: . Optimizing
°9 o.‘. e° e« Signal for
o000 a fixed
o0 - ¢ . Packground
X $amy 20t .Signal

Ba&kgrc;un.d ’xl

Neural Net Search

Sophisticated cut, best

possible S/B N




eet]ets channe

T
L2

o EntireRun | statistics (123 pb1)

Data Selection In

EM trigger; >99% efficient for offline cuts

o Electrons:

E.>20GeV; |nJ< 1.1 (CC) or 1.5< |nJ< 2.5 (EC)

Significant EM fraction
e “LOOSe™
Good energy isolation

Cluster shape typical for the EM object

o “Tight”:
Matching track

Combined tracking-TRD-calorimeter info

(electron likelihood) consistent with electron
N.B. twice the QCD background rejection compared to standard 1D

o Require exactly 2 electrons; at least 1 “tight”
o Jets (R =0.7 conealgorithm; 2 or more):

E/> 15 GeV;|ni|< 2.5
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& Data Sdection in
"= cct+jets channd (cont'd)

o General:
M, far from the Z-peak

(not in the 82-100 GeV window)
Electrons well separated from jets
(AR > 0.7)

o Basesample: 101 events

Cut Events
Preselection 9,451

Two EM objects |4,967
EM in CC/EC, 3,880

E; > 20 GeV
2 Or more jets, 2,918
E; > 15 GeV
AR® > 0.7 2,496

M > 100 GeV 1,802
or M < 82 GeV

At least one 225
“tight” electron
“Loose” ID 101
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€ Kinematic Properties
' 3 of LQ decay

L Q Kinematic properties (M, o = 225 GeV)

£ 12
= =
60
> E-(e,) . E-(e,)
£ 40+ £
2 2 40+
< <
20 20 -
0 L OA] AL s oo
0 100 200 300 400 0 100 200 300
E.(e), GeV E.(e), GeV
g *% 60
S 40 I > i
> ET(Jl) > ET(JZ)
© ©
= 30 = 40
2 2
< | <
20
20
10 l
0""|""|""|F"F|_L" 0 ""|""|"ﬂTn_'F'_‘"|
0 100 200 300 0 100 200 300
E.(i,), GeV E.(i,), GeV
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L B Random Grid
' Searches

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

o Fix optimal set of cuts and apply it to the data

A number of variables were tried:

 Energy variables:
S;=32E*+ 2E{ - scalar E;
S:12=5E;®*+ E{' + E{)* - scalar E;*?
S=3E*+FE
HTe — ZETe, HTj’ H_|_j12’ H_|_j123

e Event shape variables:
Centrality = S;/S, Aplanarity

Sphericity, Jet Clustering (Ngus)
e Invariant mass variables: Q
M.., pair ej-masses (M°a'b)
e Mass difference variables: My
OM i/ 6, OM /ML OM NIMO|m,,,“ .

min
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T

"= Optimal Cuts

About 50 different combinations of variables were tried.
The S; was shown to be the single most effective
variable for backgrounds of about 0.4 events

PR R aad

C_G g awmmme ST
=y o I
an e
- ; | e
Q I o
> -+ ]
. |
o ,.
o |
- |
S The best cut: |
. i
3 Sy >350 GeV |
E |
Z ¢ Vary ST (upper dotted line)
Vary DM/M(220) (lower dotteq line)
Vary ST and DM/I\/I(220) (spre|ad out d¢
O 0T oz o5 o4

05

>=ETE1 20.
>=ETEZ2 20.
>=ETJ1 15.
>=ETJ2 15.

[Ldt = 123 pb"

OtS)

Number of Background Everfgackground

min

The S; cut is about 20% more efficient for the
signal compared to the oM

M, o cut
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T

‘=M= Drell-Yan Background

« Normalize integral under the Z-peak to the
observed number of Z+2) events

« Calculate the background outside the Z-window

3
O 80
N ¢ -ZData ] ]
2 60 M-ZMC Associated jet
(] h o
% a0l production
| regime
1 o _ equivalent to
0 T S S; >350 GeV
60 70 80 a0 100 110 120
= M. GeV cut for D-Y
8 108 e background
0 ; - -0-—Z Data .
= o ¢ -ZMC (dominated by
)
2 104 -~ : -
§ "] . high masses) is

1 T4 St understood
1 genin

0 50 100 150 200 250 SOOZ ETJ

D-Y Background:

67 + 13 events for 5> 0 GeV

0.18 + 0.04 events for;S> 350 GeV
(error dominated by jet energy scale)
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QCD Background

T
L2

o Determine et faking eectron
probabilities (including direct photons)

Compare number of jetsin QCD 3] sample with
the number of 2j+e events Por—

P(j ~ “tight’) =(3.5+0.4)x10% ™"
P(j - “loose”) = (1.3 +0.1x10°°
(error covers slight) and E;° variations)

» Calculate the QCD background

Two methods:
o Start with 4] sample and apply faking
probabilities twice
o Start with 3j+e sample and apply faking
probabilities once

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

QCD Background:

24 + 4 events for 5> 0 GeV

0.16 + 0.02 events for;S> 350 GeV
(error dominated by P(|] — €) uncertainties)
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Top Background

T
L2

o Apply all signal cutstothett - &« + jets
MC (includest-decaying into electrons)

o Count the number of events which pass

o Calculate background using the top
production cross section measured by
DO:

o(pp - tf) = (5.5 £1.8) pb
and theoretical branching ratio
B(tt— « + jets) = 0.0685

o Studied a possiblility to apply a missing
E. 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>> 0 GeV

0.11 + 0.04 events for;S> 350 GeV
(error dominated by uncertainty in the cross section)
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T

‘=M= Data vs. Background

£ 104 o D@ final Sy Cut |Background |Data
L% ] ® O Pred. Background (GeV) |prediction
P ® Data
t? 0 93+ 14 101
10 1 *:’ % 100 86 + 13 85
] tf . [150 41+6 | 39
- © L 200 13+ 2 15
E BT_\:(.O (gs\ﬁ T 250 42+06 | 8
1'QCD: 24 +4 300 1.4+ 0.2 3
. ) N
10 - Top: 1.80.7 350 0.44+ 006 | O
0O 50 100 150 200 250 300 350 400 450
Bayesian Fit to H Distributiorllvlinimum S T (GeV) 400 020 * 003 O
"(L) ‘: 30
O H, fitresults: | 3 | D@ final
> T 8 B Pred. Background
111 D-Y: 78+ 16 | & ¢ e Data
ol QCD: 24 +14 | 3 - RN
i g
7 o Highest S; event
® 5 } isat 312 GeV
o il Moa=20e
sk s [
S; cut
0l . 0 :....LHAI-.-.:.*'I.... N P
0 20 40 60 80 100 120 140 160 180 200 100 150 200 250 300 350 400 450 500
— ' S; (GeV)
H,=2E/
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& Acceptance, Efficiency
‘M= and Systematics

The kinematical/geometrical acceptanceis
calculated from the LQ MC samples and further
corrected for particle I D efficiency as measured

with the Z data

100 A
= 1 ¢ e Kinematic Requirements
Q\/ 90 - A ert(j) Kipematic Requirements . .
g o Signal Systematics
o 80 1
S ] e i Toa Sourceof error |Error
i 70 7
£ 60 Particlel D 5%
&

60 -
50 W Smearing in the | 3%
: Detector

40 -~

30 : Jet Energy 2% (260 GeV)
2o ) Scale 11% (120 GeV)
é 38% @ 225 GeV | [guon =
10 D final LQ1, eejj Radiation
0 30 150 140 160 160 200 256 246 366 3s0 |PPFand Q@ 7%

LQ Mass (GeV)

Background Systematics MC Satisics | 2%

Background Systematics Luminosity 504

Drell-Yan 20% (jet energy Total 13% (260 GeV)
scale) 0

QCD 15% (Et and n 16% (120 GeV)
dependencies)

Top 38% (top cross
section)
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Neural Network
Analysis

T
L2

Input o _) H.® = 2E;°

nodes i '
b = 2y
9 Output

Hidden node
nodes

Training:
Signal: LQ(200 GeV) MC
Mixture of QCD, D-Y and Top backgrounds

Output:
NN discriminant O < Dy, < 1 maximized for the signal

The Dy, > 0.95 cut corresponds to similar to the
RG analysis background. Overall efficiency is
dightly better than that of the RG analysis. Both
analyses are highly correlated with each other
and result in essentially the same LQ mass limits
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Neural Network
Analysis
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Results of the NN-based optimization

o 108 o 400 -
c I_ -
2 Last event has T 350 & RG Analysis
102 D =0.92 300 S, > 350 GeV
10 S
1 m
“m
—m
lo- :\\\\‘\\\\‘\\\\‘\\‘
0 100 200 300 400
Background ]
Hy
o 400 ] L] ] ] (D) 400
— 5\ oo N-N o — DNN =0.95
O A T 303 /DNN:o_go
300 —\\ .!:;=;:::::-:- ) 300 D.... = 0.80
; soEEENc@EEEE oo - NN — -
250 — N PR P 250 —
- \JEEENElEEe Ess -
200 OEEaEE s - = . 200
150 | == 150 |
100 — 100 —
50 — 50
:\ L1 1 ‘ I I ‘ I I ‘ | 7\\\\ :\ L1 1 ‘ I I | ‘ I I ‘ | \:‘
0 100 200 300 400 0 100 200 300 400
LQ MC 200 GeV/d | Data j
H Ho

DO
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€ Limitson theFirst
"=  Generation LQ

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

o Account for systematic uncertainty on the signal

2 05
S 0.45 D@ final, B =1
O
$ 04 M o > 225 GeV
7))
2 0355 @ 95% CL
@)
N 0.3 E= NLO Theory (1997)
<al
0.95 A 95% CL Cross Section Limit
' NL O Theory:
0.2 Kramer, Plehn, Spira, Zerwas
' Phys.Rev.Lett. 79, 341 (1997)
0.15 Phys.Rev.Lett.
0.1 79, 4321 (1997)
0.05 95% CL cross section [imit \ﬂk
CDF (1997) LB%“[H »‘4
L b Iy | |

O L LY L1 L1
180 190 200 210 220 230 240 250

B=12 M ,>176GeV @ 95% CL = LQ1 Mass (GeV)
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T

"= Mass Fit

o Full-fledged kinematic fitter KFIT (based on SQUAW by
O.Dahl) balancing all objectsin the event (e, j, unclus-
tered energy)

o 3C-fitter: fitsto the LQ-pair hypothesis with equal mass
constraint. Lowest x2 solution is kept. Resolution is 10%
better than that for pure kinematial calculations.

DO Preliminary

‘M, ~ =200 GeV
600 j LQ

- | — ¢ginv.mass
500 |- — 3C massfit
400 :— i

10% more
BT narrow
200 }
100 }
0 O‘ ‘#5‘0 ‘WOO‘ - ‘W5O - 200 250 - ‘300 350‘ = ‘400
. . Mass of 225 GeV LQ MC M (GeV)
Also tried 2C-fitter
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T

=2 3C-fit Mass Spectra

225 No Sr-cut | =s S, > 250 GeV
20 - 3r
; 25
175 - :
C 2r
15 } 15 -
12.5 -
10 -
: 150 200 350 4do
i 3C Fitted Mass M Lo1
75 -
ol Background
2.5 -
- 1
07 —— \‘:;h-—-t‘ T IS S ——
0 50 100 150 200 250 300 350 400
3C Fitted Mass M
LO1

Run 63057, Event 1782 Run 90498, Event 13191

=121.2 GeV
E%=290 GeV
E;2=257 GeV
E/1=363 GeV
E/2=302 GeV
M. =553 GeV
Mo = 244.9 GeV

M = 269.7/232.7 GeV
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= 2105 GeV
E.%=705 GeV
E 2=546 GeV
E/1=535 GeV
E/2=318 GeV
M = 129.2 GeV
M e = 224.7 GeV

M e = 246.7/217.3 GeV



T

‘M S; versus 3C-fit Mass

300 300 DO Preliminary
5} F o) - -+ x10 Luminosity
700 - Background 700 — AEEEEEEE
600 600 -~ o
500 -~ 500 -
400; '_:ff:é::' Sy Cut 400; i;?i;;:Z:ZZ:TiiIVSTCUt
o0 0
200 oo 200 L0225
108 Ak | 92.8‘ events 103 | | 3.1‘events;
0) 100 200 300 400 O 100 200 300 400
Background (DY, tt,QCD MBC LQ1 MC 225 GeV MBC
Ao T tswith high
700 - Data wo events with hig
600 - High mass events mass seen in the
500 - from previous plot 1-dimensional plot
200 | \ s cu are nothing like the
— u .
: LQ signal
300 - Qs9
200 Fsit - No evidences for the LQ
103 S 101 events signal arelse_en In tI;”e
0) 100 200 300 40 s e o el

3C Fitted Mass MBC
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T

"E DD on HERA EXxcess

New D@ result is a single most sensitive search for ffad
12 generation LQ. It rules out an interpretation of the HERA
high Q% event excess with®lgeneration LQ within general

LQ models w/o extra fermions or intergenerational mixing
05 |
] H1
N 04 1 Q%> 15000, M ¢ > 180
% 03 N
o) Summed densities
Y for observed events
g 0.2
@ DA limit
0.1
/N . SM
0.0 e —
175 200 225 250 275
M, (GeV/c?) Unofficial combined
CDF/D@ limit
05
ZEUS
o, 04 Q?> 15000, M pp > 180
© » VIDA
é 0.3
5 y
2 02 e denste Unofficial combined
2 DA limit CDF/D@ limit
0.1
0.0
175 200 225 250 275

M pa+ M (GeV/c?)
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Data Selection In
ev+jets channe€

T
L2

o EntireRun | statistics (115 pb1)

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

o Electron:
E; >20GeV; InJ< 1.1 (CC) or 1.5< |n < 2.5 (EC)

m Significant EM fraction

s Matching track
s Combined tracking-TRD-calorimeter info
(electron likelihood) consistent with electron

o Jets (R =0.7 conealgorithm; 2 or more):
E. > 20 GeV; |nil< 2.5

o General:
Muon veto (reduces top background)
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Data Selection in
ev+jets channd (cont’d)

o Missing Transverse Energy:
Z.> 30 GeV
min(A(j,Z;)) >0.25 for E; <120 GeV

300 - =

250

]

E; (GeV)

[
o0

]
0 o0 oo

200

lod Todl ‘Du\ ol T T ‘u\ 1T
00 o0l
00 0o
i
oo
o

nnoo
0 oo
0
]

150

Ood
il

0o
ooo o 0
[
0 oooo
[
[

L]

soe=oe

ogooo o oo

0o 00oogo
o

100

mmmmm

nnnnn

o
0 dooo
o

L I =180 GeV
1 \Q \Sa‘.rr]\p\e \(M\Q‘ 1 1 1 1 e )

2 2.5 3
AG-E)

50

300

b)

250

E; (GeV)

200

150

!_\-‘\H\\\‘\\\\‘\\\\

100

Heeger. o000 - QCD background
R R NN Y R R B

0 0.5 1 15 2 2.5 3
D-E)

50
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e DataSdection in

‘MR ev+jets channd (cont’d)

o General:

M+ (ev)> 110 GeV (suppresses W+jets background)

M$" for Background and Signhal Samples

300 : 157
W+jets | QCD
200- 10
100+ 5-
O+———7—— 7T oO+————7——7Fr——77—7
O 50 100 150 200 O 50 100 150 200
ME’, W + jets M’ QCD
400
| 20 -
Top f
300- 15
200- 10 |
100- s |LQ M o=
1180 GeV
OF—— 71—+ O+———7——1 7+
O 50 100 150 200 O 50 100 150 200
M, it M$’, M, = 180 GeV Signal
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& Data Sdection in
‘M ev+jets channd (cont’d)

o Basesample: 14 events

Cut Events
Presa ection 05,383
One EM object 22,649

EM in CC/EC, E; > 20 GeV |18,683
2 0r morejets, Er >20GeV |8,925

Electron 1D 3,091
Muon veto 2,963
1 -cuts 1,094
M+(ev) > 110 GeV 14

Total Background: OLN
)

17.8 £ 2.1 events (see bel
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g
=2 QCD Background

» Use|et faking electron probability from
the eetjets analysis:
P(j - eectron) = (3.5+0.4x10
(error covers slight) and E° variations)

» Calculate the QCD background

o Select singleinteraction eventsto ensure
correct vertex (important for £+ )

o Start with 3j+F; sample with all other cuts
applied and multiply the number of
combinations passing jet and electron
fiducial cuts by electron faking probability

o Correct for single interaction requirement
iInefficiency (50% = 5%)

QCD Background:

/5 = 15 events before Mev) cut

4.1 £ 0.9 events In the base sampl¢
(error dominated by P(j — €) uncertainties)
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T
L2

o Apply all signal cutstothett - ¢+

Top Background

Jets

MC (includes dilepton contribution)
o Correct for muon veto (suppression

factor of 1.9 £ 0.1)

o Count the number of events which pass

« Calculate background using the top
production cross section measured by

DJ:
o(pp - tt) = (5.5 £1.8) pb
and theoretical branching ratio
B(tt— ¢+ jets) = 0.456

Top Background:

12 + 4 events before Mev) cut

2.0 £ 0.7 events In the base sample
(error dominated by uncertainty in the cross section)
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W+|ets Background

T
L2

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

102

Events/ 4 GeV/t

10 v ++

’ I
11 { M’ > 110 GeV/2 #’1

1l

| bl

0 20 40 60 80 100 120 140 160 180 200
Me, GeV/é

WH+jets Background:

1010 + 70 events before Mev) cut

11.7 £ 1.8 events in the base sample

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

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




Neural Network
Analysis

T
L2

140 GeV

160 GeV
180 GeV
. 200 GeV
Hidden node 220 GeV

nodes
-Recclj_uc_ed gluon
radiation syste-

S2=E.*+ F +matics
! ! T Essential _
OMin/M o= MIN(|Mgi-M, o|)/M_ o |against thet

background
Training:
Signal: LQ(M o) MC
Mixture of QCD, W+jets and Top backgrounds

min

Output:
NN discriminant O < D, < 1 maximized for the signal

For Mo <120 GeV where top background is not an
issue used straight eetjets-like S;12> 400 GeV cut:
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€ NN Optimization,
‘M= M =180GeV

Constant D,, contours for the signal,
loose cuts

Constant
D, contours
1 1
S 09 - 3 09 - :
= 08 - MI_Q =160GeV |4 gg - MLQ =180 Ge
= 07 - = 07 -
206 ...l Z 06 -
0.5 - 0.5 -
0.4 - 0.4 - e
0.3 0.3 B N o
0.2 - 0.2 - il 085
01 01 | llf %EE{HWF'
0 0 ‘ ‘|:||:|‘ ﬁ|:||:‘||:||:|‘|:|.=.‘an.
0 0 200 400 600 800
Sz, GeV
1 1
S 09 - : S 09 | .
2 0.8 M o=200GeV = gg - Mo = 220 GeV
= 07 - : Z 07 '
Z 06 | i Z 06
0.5 - . Lo 0.5 -
0.4 - o . 0.4 -
0.3 - . 0.3 -
0.2 : 0.2
01- ,o:o@ 0.1 -
0 1 ‘ H‘HEI‘ I;II:ID‘I:ln-T- 0 |
0 200 400 600 800 0

S/12, GeV
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e NN Optimization,
2 M =180GeV

Constant D,,, contours for backgrounds,

loose cuts Constant

D, contours

[
[

S 09 .. . S 09
S og | ccr:. - WBackground | & gg -
< o7 -90s- - < 07
2 06 - EEE‘,: Z 06
05 - _EDEE 05 -
0.4 - o OO0 0.4 -
03 | l@oo 03
0.2 oonm 0.2 -
01 .goa 0.1
O T a D‘D : O : :
0O 200 400 600 800 0O 200 400 600 800
S/12, GeV S/12, GeV
1 -
o9 .
S 087 ... That’s why we need
S 07 Lomaee... .o - .
S 06 -1oD - BM/MLQ variable in the
05 | 80 ev +jets channel
0.4 - -
03 - ag
02 .3
0.1 - 0
0 -
0 200
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e NN Optimization,
e

dM/M(180)

dM/M(180)

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

M| o =180 GeV

Constant D,,, contours for backgrounds,
base sample cuts

1 -
0.9 8
0.8 - o WBackground | <
0.7 - E411.71 1.8 events) =
' o o 2
O
0.6 N oOdooo - ©
0.5 5%, "
0.4 - B7%:.° o
0.3 oo O
02 ] g o g 0_8
0.1- . (W
0 T T ‘D\E] T T T T T T I : . .
0 200 400 600 800
S/12, GeV
1
0.9 ) 8
0.8 - Top background |
0.7 - -+ (2.0£ 0.7 events) %
0.6 °
0.5 :
0.4 - St
0.3 - :
0.2 - "
0.1- -
0 T : \- T T T
0 200 400 600 800
Sz, GeV

Constant
D\, contours

=
1

© o oo
o ~N 00 ©
Ly by |

o o
A~ Ol
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© o o
= N W
[

o
I

QCD backgrou
(4.1 1.0eve

0.8
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u]

o

—————
400 600 800
S/12, GeV
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M, = 180 GeV
10 x Signal
-+ 27.1 events

0
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T

L2

Background for D,, > 0.85 cut is 0.29 + 0.25 events

1

NN Results
M| o =180 GeV

dM/M(180)
o
P

o
S

0.4-

0
0

dM/M(180)
© o o
| -‘h | ? | @ | H

o
i

Background Q) 5
= 17.8 events a0
SR 20.
0.
0.

200 400 600 800

Data C) &

14 events 5

c

(5]

O O i

o 0O

0
0

200 400 600 800

S;, GeV

1

| 10 x Signal b)
g (M =180GeV)
. 27.1 events
6 .
4 oL
2* ° oo nn;nu.u08
1o ﬁm
O ‘ [ [NOoo
0 200 400 600 800
S;, GeV
4
Last event d)
3 4 h
s o
N
2 1l + |+ Z
A
1-te #‘J{

0 ‘ T T T
O 02 04 06 08 1

DNN

Data are consistent with the background hypothesis
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F& Background and
' efficiency

We vary the Dy,-cut (in 0.05 steps) and S;*?-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;2 cut.

Background and efficiency Signal Systematics
MLO Background S|gna| Source of error |[Error
(GeV) | prediction efficiency | |particleID 5%
80 0.60 £ 0.27 | 0.003 £ 0.001 | 'smearing in the |3%
Detector
100 0.60 £ 0.27 | 0.012+ 0.002 | [y¢t Energy 5% -10%
Scale
120 0.60+ 0.27 | 0.025 = 0.003 | 50n 1%
Radiation

140 0.54+0.25 | 0.067 £ 0.010 | poE and 0 |5%

160 0.61+ 0.27 | 0.109 + 0.012 | [MC Statistics |3-25%

180 0.29+0.25 | 0.147 + 0,012 | |Luminosity 5%
Total 8%-25

200 0.43+0.27 | 0.194 + 0.017

220 0.41+0.27 | 0.215 + 0.017

Data are consistent with the background hypothesis;
no evidences for leptoquarks are found
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P Mass Limitsin ev+jets
' channel

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

D@ final, 3 = 1/2
10 -
8 M o > 175 GeV
o @ 95% CL
—
© = NLO Theory (1997)
_TI Kramer, Plehn, Spira, Zerwas
o1l O Phys.Rev.Lett. 79, 341 (1997)
a8 <
o
)
—
T
(/’
107 %
M o> 175 GeV | cor
Nk prelim.
80 100 120 140 160 180 200 220
Compareto eetjetsfor = 1/2: Mg GeV/C

M\ o > 176 GeV @ 95% CL
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¥ Data Sdection in
"W E tHetschannd

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

PP - L4+ X - cxroxy + X — B + jets
e Thisanalysisisnot optimized for LQ
searches; it also uses only a small fraction
of available statistics; still it isuseful to
extend LQ mass limitsto 3=0

o Data set:

= 7.4 pb, collected with E; trigger in the
1992-1994 run

o Selection Cuts:
» f,>40GeV, E{/> 30 GeV

s 90° < A@(j,,j,) < 165°

= 10° < AQ(j, 1) < 125°% 10° < AQ(,,, Br)
m electron/muon veto

o Observed 3 candidate events
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F& Resultsin E +ets
C .3 channel

o Backgrounds:

s W(eV,UV,TV)+jets (2.98 + 1.14 events)

n Z(UUL,TT) [+ets] (0.51 + 0.27 events)
m Jotal: 3.49 +1.17 events

o Signal efficiency:

From: 0.45% £ 0.10% + 0.00% - 0.05% (M, ,=50 GeV)
To: 6.36% +0.35% + 0.04% - 0.06% (M ,=200 GeV)

=0

== NLO Theory (1997) DQ flnal, B = O

M o> 79 GeV
95% CL Cross Section Limit @ 95% C L

(1—B)2 * Cross Section (pb)

Unigue measurement
sensitive to 3 = 0;

1E Moy > 79 GeV generation-
Mgz > 79 GeV independent
I M\ qs > 79 GeV
-1
10 [ R | | | |

L L L L IR R
60 80 100 120 140 160 180 200
LQ1 Mass (GeV)
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. Combined Limits on
‘=M= First Generation LQ

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

For 8 = 1.0, Mg > 225 GeV

1
T
G: 0.9 -
: £
D 0.7 3
. E g
0.5 0{\\\% O
LS L 'Q’;\@ ----- Q
0.3 , i
: o \ I
\ Rrun I
0.2 3 DZ . jets :
- |
0.1 A :
: 9 :
Or ?‘D T
0 50 100 150 200 250

M, (GeV/c)
For 8 = 0.5, Mg > 204 GeV
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T

"=  The Aftershock

o 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 Q2 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)]

6 - 120
E o (a) e = (b) DA =
5 = [ data 5 = 100 = J mc—LEGO
- data—ZEUS = -
4 = 1 mc—DIS 4 = 80 =
3 f — 3 ; 60 f
2 F 2 B L T 40 £
1 f 1 :—77 7 20 £
= | 0 — 0 E L
200 250 200 250 200 250
M/Gev M/Ge\/ M/Gev
6 6 0.6
(d) 5 SN0 W NG W
S S = 0.5 = [ smeared data
F F FEAd sm. data—ZEUS
4 4 7 0.4 =
3L 3 03 [
2 2 [ 02 E
1 E 1 % 01
0 0 B L a & A
200 250 200 250 200 250
M/Gev M/Ge\/ M/Gev
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e Search for Second
"  Generation LQ

Luujj channel

Data: 1994-1996 Tevatron run (94.4 pb1)
Event Selection:

2 isolated muons:

p:" >15GeV, In*"| < 1.0,
AR(p,j) > 0.5

2jets: E{ >15GeV, n'| <25

Ap(ul,p2) < 160° if _Standard
N+ Nwl<05 [t —» dimuon
M, > 10 Gev selection
R H, > 100 GeV

Z-kinematic fit P(x?) < 1%

L

® 2 muonsand 2 leading jetsare | TOp
not in the same @-hemicylinder rejection

/
/

0 events survive
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=& Second Generation LQ
' 3 Mass Limits

Run 1 Data Sample (94.4 pb™)
Data: O events, Exp. Bkgd: 0.9 £ 0.2 events

M o, > 184 GeV @ 95% CL for B=1

@ 17
S 09
S :
208
o
E 0./
c
5 E =2 -
05 b SfsEs /D@ Preliminary.
SR = L only, 94.4 pb7’
0.4 P BT o
S - NLO Theory
0.3 [ R e
oo b 0w (1A
R Bue (1A)
: | Bup+uy (14)
C e b
0 0 50 100 150 200 250

Leptoquark Mass (GeV/c?)

NL O Theory: Kramer, Plehn, Spira, Zerwas
Phys.Rev.Lett. 79, 341 (1997)
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.  Search for Third
"  Generation LQ

q = 1/3 third generation LQ
vwbb channel

e W O E;>35GeV

o 2]ets, at least 1 with muon tag
e untagged, E; > 25 GeV
e tagged, E;) > 10 GeV

o topological cuts

Efficiency = 1.9% (M o3 = 100 GeV)
(3-5% at higher LQ3 masses)

Major Backgrounds:
tt, W/Z+2j, QCD multijets
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€. Third Generation LQ
' 3 Mass Limits

Run 1 Data Sample
Data: 2 events, Exp.Bkgd: 3.1+ 0.9 events

M oz >98 GeV @ 95% CL for =0,q=1/3
My os > 201 GeV @ 95% CL for =0, q=1/3

104
3 F i
a [ preliminary
o~ [
o * data, 95% CL Upper limit
‘I_ _ Scalar LQ NLO, CTEQ4M, by Kraemer et al.
\*/ __ Vector LQ LO theory, by Blumlein et al.
o 10° CTEQ3M, Yang—Mills coupling

i wwbb, =0

10 |- N

"""" T I
1 F N\
| | | | ‘ | | | | | | | | ‘ | | | ‘ | | | | ‘ \\\\\ | | ‘ | | | | ‘ | | | |
0 50 100 150 200 250 300 350 400

LQ3 mass (GeV/c?)

NL O Theory: Kramer, Plehn, Spira, Zerwas
Phys.Rev.Lett. 79, 341 (1997)
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Conclusions

T
L2

o« The D@ Collaboration has performed a search for
scalar LQ and set the following 95% CL lower LQ
mass limits based on the NLO theory:

o First Generation:
e B=1 225 GeV
e B=1/2 204 GeV
e B=0 79 GeV all limits

o Second Generation: are given

e B=1 184 GeV @ 95% CL
e B=1/2 140 GeV

e B=0 79 GeV
e Third Generation:
e B=0 98 GeV

o Our search for first generation LQ is the single
most sensitive Yukawa-coupling-independent
measurement. It rules out at 95% CL an
Interpretation of the HERA data with LQ with
masses below 200 GeV afid> 0.4. This excludes
a very broad class of models.

o« Combined Tevatron results are expected to yield
even higher mass limits on the LQ
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Surprising New Parti
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"% "By DAVID KESTENBAUM N
Footprints of a -

Physicists in Germany may have Leptoqu.rk1
detected a bizarre hybrid particle
called a leptoquark that, if it turns At the DESY accelerator in
out to be real, could topple the reign- Hamburg, Germany a positron_
ing sctentific mode! of how the world (thé electron’s antimatter

counterpart) collides with &
quark. In a few spectacular
collisions, the positron nearly “*
makes a U tum. One possible
explanation is the momentary
creation of a strange new
particle called a leptoquark.

is put together.

For two decades, particle physi-
cists have sorted the smallest, ap-
parently indivisible subatomic parti-
cles into two exclusive categories,
quarks and leptons. Quarks are what
protons and neutrons are made of.
Leptons are particles like electrons )

and neutrinos. Togetber, leptons and Positron and a quark Inside

quarks make up the atoms that form a proton are accelerated
all of the material worid. close to the speed of light
The leptoguark — half lepton, half and then colfided

Quaik
~

equations of theoretical physicists as
an object that would overturn the N
Standard Model, a theory that has 2 v
been dominant for so long that a

Position

generation of physicists has known Proton

nothing else. The Standard Theory

does not predict Jeptoguarks, but

tracks of a leptoquark may now have The high-energy positron

been seen in a German accelerator. :.o:'oil,b::?.“ "’:"’:"""
A leptoquark would have such uptoqmrk.mm

for our un-
that I don't

enormous con s
derstanding ysics .
dare to dream of it,” said Dr. Ralph Positron nearly
I::dUnNelslty ;l;o r: Eichler, a physlcist at the Institut filr mahes 2 U turn
‘hed a paper on his Phe:  roiichenthysik in Switzerland and a = :
_human ce! '& sald that o5y esman for one of two interna-
are constantly MOVING. ..o teams that reported the leptc
quark results on W ay at the
ite between growingand . ojrator, the Deutsches Elek-
in a dynamic equill>- (. onon synchrotron In  Hamburg,
- Germany. Their results wt‘:;, sub-
antsm, said Dr, Thomas ... "ﬁ ! w ] ._'J,l,;‘: o
v’ ol . of claim H : ¥ He
the University of Colora- mm]‘r}goub. Tandom flus LS
r, who published ap P:ulpe.{ tuation,” said Dr. Anen.cyamven,{a :
teloroere length physicist at’ Columbla University - 4,54
®. “Thé 'bfy“ Tonsis-  who is tbe’:potum for the other’: "o od ':;t mﬁnﬂ:‘:’qlm

Debiis from o
struck quarks.

ough it
ok an o e W the
N “like getting mai ot

I leave the -quiition row when fipping s cain -+ oot Ly DAL et 12 8
omerse bave amy use oth- © - The new. resulti, the feams say, ;0T f SEHIE.
Eehecmbee BB o e T S s O
crm phe said o w'”mmm‘m“‘”"'"’.“‘kei.aphyslanurermMB.u

- exciting poss} 5 Al ) . b

rs_showing that telo- &t the CERN labors-, Via Iil, In an interview. ./t _just
oe - elll aphysicist RN labors-; e o ey et

pulling apart the “could also be Interpreted as evidence . SWe 1 expect we will find & Cr
cells divide. So, - for an even heavier particle, & Jepto- /; 1n it sometime this decade.”#i" -

¢ telomere story may not  quark of sométhing else not yet seen. M4 A new pardglelmmelepgmnrk
le one of & few years ago . The Standard Model describes the . would be such ‘a crack. Leptoquarks
ifically, it is a lot more  world from the ground up, from the  arise, Dr. Lykken said, in theories
- architecture of atoms to the réac- that try to unite leptons and quarks
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into a larger, simpler structure. The
‘ Standard Mode! will not fall so much
as it will be consumed by a moré
complete theory, he predicted. -7
“If the | ark is real,” Dr."1
Lykken sald, “it will really be 4.q
shock to the whole community.” * -
At the DESY accelerator, a ring of ‘4
magnets accelerates protons and
positrons (the electron’s antimatter */
counterpart) to close to light speed i’
and has them collide, The DESY.?
fnstrument, the only proton-positron
collider In the world, is ideal fof
making leptoquarks, if they exist. +:Q
In most collisions, the positron *u

. bounces off the quarks within the.5

proton, which breaks up to form a
shower of other particles. The two 1
research teams, which include col- .d
laborating groups from 18 countries,
monitor the collisions at different '
points around the four-mile ring, ¥
each using a house-sized particie de- ‘¢
tector welghing thousands of tons. ¥
_ After examining the data from mil-
Hons of collisions over the last few -
the teams found that some
positrons had emerged at surprising-
1y high energies, a greater number r
than predicted by the Standard Mod: .i}
ol In these events, Dr. Caldwell said, 5
the positron ‘“almost makes a U-
turn.” >
One explanation for that would be )
the momentary formation of a lepto- ~
quark, surviving only a fractionof &
second before decaying back into a
positron and a quark. Because there
were only about 10 of these collisions, -~
the teams said it was impossible to 9
draw deflnite conclusions about what >
they might be. The odds that thode &
- collisions were produced theaf' tyy .d
chance, they said, is oaly about ¥ insq
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atomic particle yet observed, weighe st .

ing almost ag much as a lead atom.
Previous searches had not pbserved.ms

" .any but could have missed one this. 0 -

fieavy. But DESY physicists areto

> choosing their words cautiously, say-,H

" Ing leptoquarks are only one possible:is
. explanation. DESY will begin collecty w
ing miore data in March. - Yoaiq
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